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PREFACE

With this Digest an effort has been made to disseminate in a timely manner most of the
scientific information interchanged during the Xlth International Free Electron Laser
Conference held in Naples, Florida from August 28 through September 1,1989. The editors
take this opportunity to thank all contributors and the LEOS staff for making this effort
successful.

Luis R. Elias
Isidor Kimel
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Keynote STATUS OF FEL TECHNOLOGY

Address John Madey
Duke University
Durham, NC

= The Nature of the FEL Revolution

= Present Research Directions

=> Accomplishments in 1989

=> How to Proceed in an Indifferent and
Chaotic World

THE NATURE OF THE REVOLUTION: PRIOR REVOLUTIONS

The FEL is a revolutionary means to convert Conversion of Thermal Energy to
Mechanical Energy:

electrical energy to light offering the potential - the steam engine

for-. - the internal combustion engine

= High Power - the gas turbine engine

=High Efficiency Conversion of Mechanical Energy to

= Elimination of the Limits to Electricity, and the Control Thereof

Wavelength and Tuneability => Conversion of Electricity to Radio and

Precise Control of Pulse Length Microwave Energy, and the Control= Pecie Cotro ofPuls LegthThereof
and Pulse Structure

=> Diffraction-limited Mode

Quality

= High Reliability
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EFFECTS OF PRIOR DEVELOPMENTS ON CIVILIZATION

Production, Distribution and Services: Management:

- Large Scale Manufacturing - Long Distance Communications

- Modern Agriculture - Acquisition and Analysis of Data

- Road, Rail, Ocean and Air Transportation - Coordination and Control of Production,
Distribution, and Services

- Central Power Distribi ,.tion Systems
Research:

- Public Education
- Development of Advanced Materials,

- Medical Care Devices, and Systems

- National Defense - Enhancement of Efficiency of Existing
Processes and Reduction of Pollution

- Extension of Life, and the Improvement
of the Quality of Life

POSSIBLE IMPACT OF FELS

Production, Distribution and Services: Research:

- industrial-scale photochemistry - development and characterization of
advanced materials and devices

- fabrication of advanced electronic devices
- Enhancement of efficiency of existing

- space power transmission thermal and chemical processes

- ballistic missile defense - Biomedical Research and the development
of more effective clinical procedures

- surgical and diagnostic procedures

Management:

remote acquisition of atmospheric and
geochemical data
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GENERAL DIRECTIONS OF PRESENT FEL RESEARCH

= Short Wavelength Operation

= Long Wavelength Operation

= High Efficiency Operation

= Technology Integration

--. Research Applications

1989 RESEARCH ACCOMPLISHMENTS HOW TO PROCEED IN AN INDIFFERENT

AND CHAOTIC WORLD

Short Wavelength Operation:

= Novosibirsk
Frustrations of a Revolutionary:

= Orsay

Long Wavelength Operation: = ignorance

=* UCSB = indifference

High Efficiency Operation: : opposition

=* Livermore/TRW
Solutions (from G. Washington. B. Franklin and others):

= Los Alamos/Boeing

Technology Integration: = work to help the people who need you
Boeing/Los Alamos = operate from a base which will support

a long term effort

=* Rocketdyne/Duke =* emphasize responsiveness

Research Applications:

= Duke

= Stanford

UCSB
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PR1.1 A Synopsis Of Research At The Duke FEL Laboratory

S.V. Benson, J.M.J. Madey and R.I. McCormick

Department of Physics, Duke University, Durham, NC

Existing accelerator technology has the capability to siipport the operation of a

wide range of short wavelength, high peak power FEL light sources.

We have focused at Duke on the exploitation of RF linac and storage ring tech-

nology to develop FEL systems for research in device physics, laser technology,

and the basic physical and medical sciences.

OUTLINE
FELs at Duke

" FELs at Duke * MKIII FEL

" Other Experimental Opportunities
•1 GeV Linac and Storage Ring

" Facilities Development

" University Contributions • Other FELs

" Facilities Description

" Remaining Obstacles

University Contributions

Other Experimental Ooortunities

- Departmental Enthusiasm

" Synchrotron Radiation
. Faculty/Trustees Support

" Detector Metrology

- Staff Assistance

" Radiation Damage Studies

- $4.6 million

" Light Isotope Production

5



Facilities Develooment (New Lab)

Facilities Description
- Jan 88 - Preliminary Estimates

" Apr 88 - Architects Selected

• Aug 88 - Programmatic Design

• Apr 89 - Detailed Design

Facilities Develooment (MKIII) - May 89 - Bids Requested

• Jun 89 - Bids Received

• Feb 88 - Remove 4 MeV Accelerator * Aug 89 - Start Construction

" Jul 88 - Preliminary Design * Feb 90 - Partial Occupancy

* Nov 88 - Required Demolition • Nov 90 - Completion

" Jun 89 - Detailed Design

" Aug 89 - Transformer Installation

" Oct 89 - Control Room

* Nov 89 - Electrical Installation - New Building

" Jun 90 - Shielding

o Weather

Summar
o Regulatory/ Other Guidance

- New Facility Unique
- MK III Facility

° Originally Designed for Purpose
o Shielding

o Tunnel Safer, More Efficient

o Room for Significant Expansion ° Funding

• MK III Facility Proceeding More
Slowly

• Opportunities for Collaboration with
Large and Diverse Community

6
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PRi .2 Program to Generate Intense FEL by Induction Linac
at ILT/ILE Osaka University

K. Imasaki, T. Akiba*, K. Mima *, Y. Kitagawa*, K. Sawai*, S. Kuruma,
M. Miyamoto*, H. Yoshioka*, H. Ohtani*, T. Matsumoto*, N. Ohigashi**,
Y. Tsunawaki***, S. Nakai* and C. Yamanaka

Institute for Laser Technology
*Institute of Laser Engineering, Osaka University, Suita, Osaka, JAPAN

"*Facu.ilty of Engineering, Kansai University, Suita, Osaka, JAPAN
'*Faculty of Engineering, Osaka Industrial, Daito, Osaka, JAPAN

Abstract
Effort has been made to build free electron laser system with high power output.

Induction linac whose designed parameter was 9 MeV, 3 kA with 100 ns pulse duration
was completed.

Experiments for beam transport and beam injection into wiggler magnet system
were studied. Oscillation and amplification experiments on the wavelength of
submillimeter are underway.

PURhPOS OF OUR WORKS POR FEL FEL Facility at ILT/ILE Osaka Univ.

Date *toundeatad hih ~er FL-Induction Linac
Date *toundestad hgh pwerFEL12 stage x (500 - 7350 kV)

and related physics 5 kA (at e- gun)
100 ns pulse length

'C0 2 laser-E beam interaction sE = ± 2 %

(light emission and acceleration) *E-Beam Gun
*Invrse aperd wiglerbrightness - 10' A/cmrad2

*ivretprdwglr(P1-14) -Beam Transport

(acceleration) Solenoid /Hermholtz coil

/Trilpet Q-Mag./Steering Mag.
Beam aperture at entrance of transport

Near Term *application to higher gradient section

AcceeratonDfor comactemmitance selector
Acceerahni) or acompct*Wiggler

high energy accelerator2) Wiggler I :planer permanent magnet

.w = 6cm N =30 K =0-5- 2(Tapered)
Wiggler If Helical pulsed electro-magnet

Future * Inertial confinement fusion kw=3c-m N=30 K=0.5-1

energy driver for reactor (p3-29)3) Wiggler Ill pulsed electro magnet
.w 3 mm N =100 k 0.1

(under designing)

Block diagram of total system .........

A CeeaO. aiisPcueo ceeao
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Beam Transport to Wiggler Beam Transport in Wiggler

E 60 E 1 2

4 G-Magnet O-age
0-Magne

u20 cc
E

0 0 0.5 1.0 1.5 2.0

Distance Z (in) Distance Z (mn)
R(X) -R(Y) R(X) -R(Y)-

System I
MOPA System

Oscillator: C0 2 laser pumped Raman laser System 11

Oscillator
(Gas:D 2 0,CH3 F etc.

-MW output,Multlmode) G-{Gmlcef'lc(1- 2fR)} > > I

C..- :Gain for maximum growing mode

IGW~ 4 fA : ~Attenuation factor of waveguide (0.2.)
-/fR :Mirror loss (10 1)

01M -- *. EbTuLse length (- 60ns)
-A j- 2 1 c Cavity path length (- 1.2 mn

IL w,* 2 C :Light velocity
1kW .w

i 0 10 G -100 Gm= 4/m f. 0.2/ m
012

Wiggler Length (in) fR = .1 0 ns

IC = .
We may expect

100-1000MW level output

FEL to Monitor References

Ilm I[1) A. Sessler, ALP Proceedings 91 (1982) 163

Wiggler Hl and D. Prosnitz, IEEE NS 30 (1983) 2754

1~~~~ z7__________2 .Iaai talIE8P(97
mlQj~jflj~jjJ I ~e-Seam

Mesh - I
Oscillation Cavity '30cm 3) K. Imasaki, et al., Rev. Laser Engineering L.7

Dupr90% Reflection 1.2m 90% Reflection (1989)71
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PRi 3 The LISA Project In FRASCATI INFN Laboratories

M.Castellano, A.Clrgo, P. Patteri, F.Tizziohi
!NFN. C P 13, 00044 Frascati (Ronic). Italy~

N.Cavallo, F.Cevenini
ININ-Sezone di Napoli and Uniz?. di Napoli-Dipart. di Fisica. 80125 Napoli, Ital.ii

F. Ciocci, G. Dattoli, A. Dipace, G.P. Gallerano
A. Reiiieri, E. Sabia, A. Torre

ENEA-CRE Frascati, 00044 Frascati (Rotnu', Itaili,

A test superconducting electron linac accelerator (LISA) A FEL will be realized in the IR at 11 < A < 18 14m using
is in Construction at Frascati INFN National Laboratories, a 50 period hybrid undulator of 4.4 cm period. Macropulse

The design beam energy will be 25 Mev with 5 A peak averaged power of 500W and peak power ot 1.25 MW are
current, invariant emittance I 05 w? tn-rad and energy expected.
spread A~E/E < 2 - 0' Operation in the third harmonic at 4 < A < huim and

further developments are also presented.

Main parameters of LISA (Accelerator + FEL)

A hybrid undulator to be built by Ansaldo
Energy (MeV) 25 Rlcerche in Genoa in collaboration with the
Energy with recirculation (MeV) 49 ENE.A group will be used . A prototype 8 period
Bunch length (mm) 2.5 long has been realized and is under test.
Bunch charge (pC) 40 The final choice of the undulator parameters -
Peak current (A) 5 period and number of poles - will be defined
Duty cycle 5 10% after the completion of the test.
Average macropulse current (mA) 2 The lower limit to the undulator period is given
Invariant emittance (nt mi rad) 10-5 by the requirement of a gap of 2 cm.
Energy spread (@25 MeV) 2x10-3

Number of undulator periods 50
Undulator wavelength (cm) 4.4
Undulator parameter Krms 0.5 +1.0 Table 3 - Undulator (tentative parameters)
Radiation wavelength (pim) @ 25 MeV 11 +18
Optical cavity length (in 6 Hybrid type (NdFeB magnets)
Cavity losses, passive + output (1/0 < 2 Numbers of poles 50

Period (r) 44
MacropUlse duration t(ms) < 10 Pole width (mm) t

rep. rate (Hiz) 10 Gap height (mm) 20
av'. power (IV) 500 Ks0.5+1.0

Micropulse duration tps) < 10
rep. ratetkMlz) 50
peak po-nver (MWV) 1.25

10~~~ 10 8 -9 arniortic FEL 1 air%
I0 I Til 4 6 8 10

20 1 1

7'-M '1 &AIN CL

Cb

tot

0. .. . 10.1 0.2 0.3 0. 4 09
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The injection system is composed by The main accelerator is a 500 MHz SC linac

which accelerates the beam up to 24 MeV at the
* 100 keV thermionic gun nmnlfedgain f5MVm

* chopper (50 MHz plates + 500 cavity) nominal field gradient of 5 MeV/m.
Schp er (250 MHzate cavity) The final beam time structure is sketched

pebuncher (2500 MHz cavity) in the fire
* 1 MeV preaccelerator and capture section inth..g

* isochronous arc at = .94

B ps

PRFBUNCIIFf t. .,.

K)PR CA"Fr t

020 ns-9cNWU -UE(Xr /TN IIMCBA
TRNKT UINE CMICAE DUP

fO 
IM

I i CA'! ___________i_____________________n____CAVITY VTY'On1
UIRx MIROR

I0O S

The duty cycle of the macropulse is
LISA accelerator + FEL layout restricted to 5 10 % for radiation safety reason,

not for machine limits.

When effective energy recovery will be
operative it will be possible to extend the duty

The machine lattice is designed to get in the cycle.
undulator

* high peak current -4 non-dispersive transport TIlE CONTROL SYSTEM OF LISA
* e- beam cross section adjustable to match the

optical cavity mode The control system has been designed to
* low sensitivity to beam variation at linac take care both of the accelerator and of the FEL

output experiment since a close interaction is foreseen
* small room taken away at the undulator ends for the machine operation, particularly in the

to allow to use a short cavity energy recovery experiment.

A multilevel structure allows at the same
but dispersive transport is possible if micropulse time controlling and testing the machine

length variation is required operation and modelling its performances.

60-

40 - 'TIME SCHEDULE

." - Building activities started in March 89 and are
scheduled to be completed by Autumn 89.

., All the main accelerator components will be
.. - delivered by the end of the same year.

0.- - Commissioning of the machine is foreseen to be

a. a ' performed in the first half of 1990.
/ The undulator is expected to be built within one

- - - - . n ... year from the order; its delivery should closely
follow the end of commissioning of the accelerator.

a 5 IQ Is 20 m
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PR1.4 DELTA, a New Storage-Ring-FEL Facility at the University of Dortmund

F. Brinker, M. Negrazus, D. N611e, D. Schirmer, K. Wille
University of Dortmund, FRG

This paper presents the concept of the new FEL facility at the 1.5 GeV electron storage ring DELTA,
currently under construction at the University of Dortmund. Furthermore, detailed information about the
accelerator itself and the first FEL experiment ( FELICITA I ) are given.

Dortmund ELectron Test Accelerator

DELTA,
a New Storage-Ring-FEL Facility at the University of Dortmund an Excellent Driver for FEL Experiments

Dirk N6Ie et al.

- It is a TsAccelerator.
- M11chime for Testing, Developing and Experiments
- um t of Accelerator Performance for.Se4

- Two about 20 m Long_Straight Sections.

I. The Storage Ring DELTA - -Y.pLIastallation Possible

-- igh Peak Current
I. The Concept of the DELTA FEL Facility - eam Energies from ! 500 MeV to 1.5 GV

- About 2Q Highly Motivated Young Physicists

1II. The First FEL Experiment FELICITA 1

The Concept of the DELTA FEL Facility
lP t~cai Ktystron

VISIBLE FELICITA I Linac 1 6e V
FIRST EXPERIMENT - fs.L

.. P, o. DELTA Booster
£ksuaeei4 O k od~.of I'do 13000 le

FEL Md KMode Ejection

DELTA at SO M.eV, Starting in te V[SIDLE 1
HIGHER BEAM ENERGY - SHORTER WAVELEN4GTH

.Of- -20 na
3P"&Amaq 6-1-o 100m.ay . .

UV FELICITA I1

HIGH GAIN FEL: 2m5 Pa. .t. -6
E 5GAIN-FEL.,100 am Layout of the DELTA FEL facility. On the top, theG..3-V m ,ae La. setup of the first experiment FELICITA I is sketched.
HIGHER BEAM ENERGY - SHORTER WAVELENGTH
try to _o 2 n_.,, On the bottom the 14 m by-pass, available for FELdevices, is presented.

XUJV FELICITA III

11r?~~~ SigePn ihGm!L"



The Concept of the DELTA FEL Faci&Y

VSBEFELICITA I FELICITA I
FIRST EXPERIMENT -

.4 tT- C-sPUicatd U

'EL~codmT.ti O~aRw Mode

DELTA at 5W0 MeY. St.,t..g in te VISIBLE
HIGHER BEAM ENERGY - SHORTER WAVELENGTH

Exsecte O-.kts OPs-ats fsI- 7

Sketch of the FELICITA I UndijiatOr 0n12 the iron

UV FLICIA IIyoke and the coils of the first undulator section and the
_______________________11_ dispersive section are sketched. As the first and l-t

HIGH GAIN FEL; 2 Penm. .= -60. seven peiod and the two central periods have diffetent

E - SftifetV -. -o n,0a current circutits, it is possible to switch bi'twen FEL

HGHER> BEA ENRG -o.aa SHOTE WAVELENGTH and OK operation simply by changing the currents in

HtHry w EM t Elo-wSORE WVEEN- the these circuits. Therfore. it is possible to Operate the

device am an FEL undulator with 16 equal periods or

as an optical klystron with two undulatore, of?7 periods

-- 7 %each, and adislpesive section Made Of two Periods.

XUV FELICITA IIIY '?Single Pne 160 Gusn FEL "
"'Opeea"s bd.. 20as

UNIDULA1POR ~ !U3AILA1P(0RJ,

40 C

202

6 0

*56 This picture shows two fieldi plots of the FELICITA

- I undulator. On the top the limit between the dipper

200 aISO0 1010), C1 0 00 so1 00 MCI) moot B ive section and an undulator section in shown. Below
0 Ir'Mthe the first two periods of an undulator section are

L 0. : 14 dt~fl P5.4 1-%presented. In front of the first polep the so c&lle field

clsiob can be seen, minimizing the fringe field." outside

Longitudinal field of the FFLICITA I undulator in the undulator.

OK mode. The field calculations, done with POISSON
show a newrly mainie. deendency of the field in the two

undulator section., and the much stronge" field in the A

dispive section. Rfrne

I ! N. PiRsvpArdt: Pri-~'lings of the 19RQ Pfrtii-le A-elerator Conflerence. Chicago 1989, to be put)l.
2: P. Flleft,ime: .liorn d-c Phyp 41 Cl, pp .333, P153
3: J. Ibe I)idl' Nwii. lniir. And hfeii. A239. P.83, 19.93
4: J. RlikeD. S. MtinKawa: Part. Accelr, 13, p 115, 1983
5: D)1. Aitao'id et %I: All' ConferenceO Proceedings. No. 118, p,294, 1983

8: C. flati I. A flenii',i N,oIi,, (1wm , %q 11, 1, 1, 1'lefl
7: N1 T. Mii.;cl. H N. Stokes; L'mrs guidle fir the POISSON / SI2PF.RFISH group of rodes, 1.,9s Alamnos

National IVahorntory, LA IJR 87 -116, 1987
8: A. Ilirrar et al: F.NFA RT/TIB/811i/49
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TH1.3 ENHANCEMENT OF THE FREE ELECTRON COHERENT HARMONIC
GENERATION BY USE OF THE DISPERSIVE FUNCTION ON A STORAGE RING

R. Prazubres, J.M. Ortega.

LURE, CNRS/CEA/IMEN, bat.209d, unlverste de Paris-Sud
91405 Orsay cedex FRANCE
() Ecole Supbrieure do Physiqile Chimie

10 rue Vauquelin 73231 Paris cedex, France.

4ki~a&
An alternative to the Free Electron Laser (FEL oscillator at short

wavele,' h (<2000A) is the "Coherent Harmonic Generation" (CHG)

process with an external laser. However, this coherent emission is rather

weak, part;cularly on high harmonica (n5). This paper shows ;hat the

introduct n "energy dispersive function" on a storage ring increases

the CHG by sveral orders of magnitude.

En/ti cement ' the Ft c " LiF ritll b -

*,ise t fl, e ai"npetrvive itcti

,,R . a 1111We dclne the epeciri r al o tiw f

LUREand ink emtsuirti tot harmifl. *n wnd I'll

NRS I CFA i MEN

I'niversilte de Paris-Sud. Orsavo R (Ji= I hu/ I (ko)

R Prezeres. ( Bazln. %I Bersher. %f Bilardon 
.I1* LAS. E.R.. b.

% I E 'oupue P G.rlaOtSionneni I %1 Ortel.

%I X ee 'It rof, 
n i

Introfduc non t (C, proess $P E C T PA 3 11 Ed h n.t "'n

Intluence 11 the disperse .. c.. ii. \CO 1 197 " &3 harmonic . ,f 53nm I n. . -

N~rmeeicii ,tcutatinn Resuits ;uper-ACO : eperintent in protress "

unnnIih In= CIp. 1thIRnit.NN t 4

alled modulation ft

.elnlt
n

, CI.. : er' .. ,, ,, ,,,n ai enr I m '" ,"{,C. ii itic number oif eleuio-n
J he ehe dss

l 
function of orderit

~ ii-',.N is the number ofiirnhtultOr period'
i, the intefterefntt tet of disp I"t I it"it K

s- nthe fnma n,i mtne, Iiduced hti Ilk ia.C

ttsrperslio I u tLlliti (n0 the tine S.,t- -CO -e can nolt'at in

at 8i ke\ aith f. y i. i int

ni .... 0~tt - flitti Then

1 4 1 ap ,r- - - - ica- rela ,e eneren spred

10-

'' ' 1 2 p. , 11,1t .tit r.. n. .

2 nrOlot "

10 20 30 40 dN, Y t 4",i 4
in 2

0
Yto 0 10 20 30 40

17 • I I

t s .. u ..

t I ore ot 1 Itn-tton was atreads riot,'.

i taif tt F a 
, the proni -1 Neserhtrnk in MhO N-1 t
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0 iIV' , tal n . '- tret, , , , . , .! , I ,

d I i, tOr 't iw ro. glr t b l k 1 9 r 0 oiei i l s t. tit h he muh lier h-- i tIi 1 enerec e pred

13



bit it, ~ A umerical 1111calallorr 4 h* been kbrr lI," I,
V.S tceIrrl er pirpe" krwe,.f S.pefiACO Ifmwae c11-ei,1 Ik

lit -e~or~ h-te R. k13) 7 %. co. c.

N a

cj I lo in i,acf-n 101

kvfl f2ti0 fv a \ /.

1 ,W'2

d .W, 2 9oy

10 1000 _____

'it/~I~ peak 1, t mill"It of the -enct~y Cia, IN, tt cant be

ie, .WW witroduced b-i the h-ontaj .iteuir .prcid Cli

to 0i. .9 . c~c

in 3 s 9 9'P

I 0 h Iarmonic number
I' ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ t kla ..~5 ria.i oAhrd- rma iI- tin.'

'00.6 ,. ,. .a -.. ,

t0 -, inr n i ,n rti . aAt

-2 , CC Is- r i

Ithe Iransvere iclf- I he I-e herIh,, o c iat M (Toi I., ni hanwe itt wl

itIelot -i, , 'allf pr- .I he I he,

'I itnlude (It tie Spec. -1 R2trit

14



THI.5 ANGULAR STEERING OF THE FEL FAR-FIELD RADIATION BEAM
Eli Jerby

Faculty of Engineering, Tel-Aviv University, 69978, ISRAEL *

ABSTRACT.k

Variouzs concepts for Lngular steering of the FEL radiation beam in the far-
field are presented. These are based on a real-time modification of the FEL syn- - -

chronism parameters, in both end-five and broadide schemes. A 2-D model was
implemented to analyse the characteristics and limitations of the various beam CURL.
steering mathods. The fefsibility o the noembised FEL - Phsd Army Aemw
system in discussed. 0 $ 0 d. . / .
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REli On-axis Holes In Interferometer Mirrors

R.H. Pantell, J. Feinstein, A.H. Ho*
Department of Electrical Engineering
*Departmfent of Applied Physics

Stanford University
Stanford. California U.S.A

Surprisingly low power loss results from the introduction of large holes

in resonator mirrors. An analytic solution for the mode pattern in such

resonators is obtained using the criterion of maximum laser gain per pass.

Such holes permit on-axis electron beam passage and also 6igilificantly
reduce the peak power density on the mirrors.
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RE1.2 MODE CONTROL ON SHORT-PULSE FELS USING A
MICHELSON-MIRROR RESONA TOR

E.B. Szarmes, S.V. Benson, and J.M.J. Madey, Duke University
OUTLINE of TALK

1) Ifltioduction and motivation for US u tipl )
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4 pulses - 500% reflectance

(discrete tuning using q)

0-O

Numerical simulations - =

1) Build up from noise to saturation using -

coupled Maxwell-Lorentz equations

2) One-dimensional simulation with complex
filling factor 

"

3) Includes both shot noise and quantum noise

4) Investigates dependence on
i) number of pulses "/

beamsplitter reflectance
iii) Michelson mirror phase offset
iv) Michelson mirror detuning ffe

5) Parameters appropriate to the Mark III FEL -

4 pulses -500. reflectance 35 pulses -50% reflectance

(destructive interference using 9p) (spectrm evolution)

•- .1 --

I~~~~~~~ ...................... -- 1t -
Simulation Mode analysis!g --- ,1 l

* -- a a |
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Applications to Spectroscopy Experimental Results using the
Mark III FEL
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REI.3 Resonator Modes in High Gain Free Electron Lasers

Ming Xie, David A. G. Deacon*, John M. J. Madey**
Lawrence Berkeley Laboratory,

Berkeley, CA 94720, USA.
*Deacon Research

900 Welch Road, Palo Alto, CA 94087, USA.
**Department of Physics, Duke University

Durham, NC 27706, USA.

When the gain in a free electron laser is high enough to produce optical guiding, the resonator mode
distorts and loses its forward-backward symmetry. We show that the resonator mode in a high gain FEL
can be easily constructed using the mode expansion technique taken separately in the interaction and the
free-space regions. We propose design strategies to achieve maximal gain and optimal mode quality, and
discuss the stability of the optimized mode.

1. Amplifier region: At high gain, the continuous power is reached in the fundamental mode, and
spectrum of guided modes can be neglected, thus over 99% of the power in the five low order
optical field can be expressed as a truncated Gaussian-Laguerre modes.
expansion in a few low order discrete guided
modes[ 1,2,31. 0.0

N
E(x,y,z) = F C.E (x,y) exp(-i),z) 0.04-

For parameters given in table 1 the guided mode 0.03.

expansion (1) is benchmarked with simulation
performed with FRED[4] for a high gain amplifier. MODE ANALYSIS
Five growing and five decaying modes are X 0.01. ........ FRED SIMULATION

included in the expansion. _ _ _ _ _

As shown in Figure 1 below one Rayleigh
range, the simulation shows a growing mode size 0 10 15 20 25

due to diffraction, the expansion (1) fails in this Z(m)
region because the continuous modes are (a)
neglected. Above about one Rayleigh range, the 104
power in the discrete guided modes grows to a 103 - MODE ANALYSIS
level where diffraction becomes negligible, then ..... FREDSULAON

two curves converges. About 43% of input power 102
couples into the discrete modes, the remainder
goes to the continuous modes. Power grows 101
nearly exponentially after about 15 meter, 100
indicating the dominance of the fundamental mode
from there on. The single pass gain is 495 from the 10 1,
mode expansion and 499 from the simulation. At 0 5 10 15 20 25

the wiggler exit, radial profiles of the optical Z(m)
intensity from the two approach are (b)
indistinguishable, as shown in Figure 2. Figure 1. Half-max radius of intensity (a) and power (b) vs.
2. Free-space regions within cavity: Optical field propagation distance along the wiggler.
can be expanded in vacuum modes. The two free 3. Optimization condition for resonator: The
parameters in the expansion are determined by fundamental guided mode has the smoothest
maximizing power coupling from the amplified phase-front and the highest exponential growth
field to a fundamental free-space mode: the rate, thus to optimize a resonator is to maximize the
Gaussian mode. In our example, 95% of the power in the fundamental guided mode. The
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guided modes are not orthogonal, and they have a optimal at high gain when optical guiding occurs
special property which states: the maximum power and yet stable at low gain when the resonator mode
coupling to a guided mode is reached if the input approach the vacuum mode; and finally the down-
field is a complex conjugate of the mode. This stream mirror can be placed further away from
means in particular that the input field should have wiggler exit to allow reduction of power loading
a converging phase-front, opposite to that of the on cavity mirrors, without sacrificing either gain or
fundamental growing guided modes[2,3,51. mode quality.

-MODE ANALYSIS
........ FRED SIMUJATION 2

080

04 -2

0.0' -4
0.00 0.05 0.10 0.15 - -2 0 2 4

r(cn) g1
Figure 4. Resonator stability diagram.

Figure 2. Transverse intensity profile at the wiggler exit. Table 1. Parameters for calculation
Only two modes are included in the expansion.
Since the fundamental guided mode is not but close Electron Lorentz Factor 2000
to a Gaussian, the conjugate input coupling Electron Beam Current (Amps) 270
condition can be approximated as requiring the Electron Beam RMS Radius (micron) 233
input field to be a complex conjugate of the Peak Wiggler Parameter 5.74
optimized Gaussian mode at the wiggler exit in Wiggler Length (in) 27
free-space expansion. This task can be easily Wiggler Period (cm) 11.4
accomplished with spherical cavity mirrors. Optical Wavelength (A) 2500

Oscillator Cavity Length (in) 54

Input mode to the amplifier is taken as a Gaussian mode
focused at the entrance of the wiggler with a minimum spot

Figure 3. Schematic drawing of an amplifier with a size of 600 micron and a Rayleigh range of 4.52 meter.
converging input field and a diverging amplified field. Note
near the wiggler exit the dominant fundamental guided mode The authors wish to thank John Lasa La for providing
has a diverging phase-front. FRED simulation data. This work was supported at various
4. Transport matrix of a resonator: The time by the Air Force Office of Scientific Research, the

optimization condition put two constraints on Office of Naval Research, the Army Research Office and

resonator parameters. If all parameters except two Department of Energy.

mirror radii are fixed, the two constraints will References
determine the optimal values for two mirror radii:
ciR 2 + c2Ri + c3 = 0 [1] M. Xie and D.A.G. Deacon, Nucl. Instr. Meth. Phys.
diRi + d2R2 + d3 = 0 (2) Res., A250 (1985) 426.
where the coefficients are functions of other [2] M. Xie, D. A. G. Deacon, J. M. J. Madey, Nucl. Instr.

resonator geometry parameters and the chosen Meth. Phys. Res., A272 (1988) 528, and LBL preprint

"free parameters" for the vacuum mode expansion. - 26987, to be published in Phys. Rev. A.

If the distance from the wiggler exit to the down- [31 M. Xie, Ph.D. Dissertation, "Theory of Optical
Guiding in Free Electron Lasers", Department of

stream mirror is varied while keeping the full Physics, Stanford University, 1988.
cavity length fixed, Eq.(2) will give two branch of [41 W. M. Fawley, D. Prosnitz, E. T. Scharlemann, Phys.
solutions which are shown in Figure 4. Rev., A30 (1984) 2472.
5. Conclusions: Maximal gain and optimal [51 G. T. Moore, Nuci. Instr. Meth. Phys. Res., A250
transverse mode quality can be achieved (1985)381.
simultaneously by maintaining an input field which [6 A. E. Siegman, Lasers, University Science Books,
optimize the power coupling to the fundamental 1986.
growing guided mode; a resonator can be made
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RE1.4 Measurements of UV Induced Absorption in Dielectric Coatings

David A.G. Deacon, M.H. Bakshi, M. Cecere, A.M. Faucheta)
Deacon Research, 900 Welch Road, Suite 203,

Palo Alto, CA 94304 USA
We discuss the first results obtained from a new testing facility f or

measuring the induced absorption in dielectric coatings exposed to intense U V
radiation. The loss is measured in-situ during exposure, as a function of time
for various photon energies, intensities, and background gas pressures.
a) NSLS, BNL, Upton, NY 11973
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R EI.5 FAR wFRAEDp QIJ -PwIAL RmESOATOR Far cERENKOV FREE ELECTRON LASER
F. Ciocci, G. Dattoli, A. De Angelis, A. Dipace, A. Doria, G.P. Gallerano,

M.F. Kimmitt*, A. Renieri, E. Sabia, A Torre and J.E. Walsh**
ENEA, Dip. TIB, U.S. Fisica. Applicata, P.O.Box 65, 00044 Frascati (Rome), Italy

ABSTRACT

A Cerenkov free electron laser experiment (C-FEL) employing a 5 MeV microtron
electron beam source and providing coherent radiation in the spectral range from
100 urn to 1000 urn, is under way in our laboratories.
Recent tests of a quasi-optical resonator are reported.

*Permanent address: University of Essex, Colchester (U.K.)

*Permanent address: Dept. Physics and Astronomy, Dartmouth College, Hanover, USA
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MAIN FEATURES OF THE QUASI-OPliCAL RESONATOR NEW RESONATOR FOR THE CERENKOV-FEL
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P1.1 The Induction FEL Design for White Sands Missile Range
George R. Neil, J.A Edighoffer, P. Livingston, TRW Space and Technology Group, J.M. Rawls,

General Atomics, and I. Smith, Pulse Sciences, Inc.

R1/2104, 1 Space Park

Redondo Beach CA 90278

A TRW-led industrial team has designed a high power free electron
laser for the White Sands Missile Range to investigate transmission of
high average optical power through the atmosphere.
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Induction Linac Operating Principles Induction Linear Accelerator

tuam b c ancu the deon bean pt. Cables l 250 kV vWlip
pdes to each acclerasto cd pp. The pp voltap is peevtd Ihoe
Meets at an tw Iem-h bv hih."d ta, e forrn. as d ha t e1
ltI aclraati voltage is appoied to tha beam. Asj dotti spsd A pino p mem rnpLU u s qeaau is pWodced by dI iusa amion

pig eah alaIrattt pp. dwy rceive an mrettal e kicktun a TV ad rub eit) ut U fei's de
gatermonentnt each time. The erntes thm damp out uedliaale sms A nMMM h0 i caI tuped 20w acclu"Nr A" paise
de~l net c m e ft a podaced as tha acr es . This dmepitg tdue the ectroa to apieech u Wood of Wi. They et

el~rooopme wke ~ftprilted s te oectonspot. e I11m111a21 . as a tweatulemet wmes I.Woienpoe beow atdo e etretal hei beau curmetat to be truiepared. 172 M..~ In Ins *m an d s ItrA s can be ttvotted to hil pewso hom

a lw pAdee rate. low pea- dm do made used to coelue parar-s.
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Wiggler
Wiggler Operation

As relattistic electrons are forced to oscillate by the vwgler and interact
with the hght beam. they bunch rit disks separated by the optical An altematf g magietc field makes the electron bem tralectoeY w e with

wavelength, while providing large exponential gain. After bunochiig is a pered that, m the reference frane of the relativistic aclra s isa reo I
mP. twese diks frdte optical power coherentlyIe atmenns. Dwing with, mid allows transfw of energy to. the optca beam. Key to eflicint wglw

exponet growt, the optical mode is cleaned up as the central core operatons if rsatchtg of me manete fiel aong ite fuili of the *qWe
od e beam raiy grows more intense arid noise dor away in a procs as the electron beam energy decreases. The IFEL employs electromauigets that
cled gain Winig. Aftr the bunches form, the electron beam continuomly we failya e mitive to radiatm. and thei fields can be tapered in real ne
focuses the lght beam, guidig i tfvugh the tapered region of the wiggler to match the decrease m electron energy. The magnets ae powered uwg a

in aiother process called optical guiding. bionial winling pattern that elintuates steering errors introduced by changes
in field irength.

Master Oscillator Master Oscillator Layout

Two highy stal. low power rig beers produc a photon beam of vr Face purnped. multifaceted Nd:YAG crystal slabs provide te long beam
iwuw Ibadwd wh is a invted to the required pulse shape by a h*L paths needed to amplify the ring laser pulse. Ouring Rama conversion.

repetition nite optical cIIppe Three slab amplifiers pass the beat beck and the punp beam at 1.04 ,m anteracts with deuterium molecules to creae
feri 1ll owe aln a ag path. Baton conversion itets the wavelength
che to an atmosaieric orpto le. The beam can be switched between the required 1.097 pm Raman shifted (Stokes) light for the seed -

IeIqs to d W the degree of atmospheric absorption. heatig, and while retalrem a kewidth narrower than any attospheric absorption le.
braid boong. Switclng i so fast that atmospherc propertims remain

deiringt the ropermant.

Optical Conditioning Optical Conditioning

,Rariheed argon filling the vacuum pipe absorb the hard ultraviolet onuig

The high qality optical beam contaening optical harmonics exits the wqg radiation. Next. a supersonic steam scrubber strips the beat of its mid-

aid expands by diffraction reducing the power intensity. Three ultraviolet photons, Finally, an uncoated prisr refracts the retiaian

cnrlelmentay Drmonic attenuaing techniques (argon, water scrubbers, harmonics out of the beam path to be absorbed by an optical beam dump

and pris loss) dean the beam since no single aeteriator covers the enie along the pipe wall. This prom a aigned to Brewster's angle 155.4 degrees

hamonic spectrum. A reformatting telescope reshapes the output from for fused silica). At tls angle, a surface reflects less than 0.2 percent

a Gausaian to a flat top eradiance distriton. This distrutin m of the incident light. Absolutely n harmonics are transmitted to the Sem

Bews Control Sibsystem aity and redietriutes the thermal load unformly Control Subsystem.

mos the optical surfaces

Battery modules provide a highly
regulated. rekable prime power source

S ', ,o under full control of the TIE operator.

Sug ~ derrind on1wtheeet,"lgrii
j" I elimina, ted. Fulty proeted C vltage

t, J -' -"at up to 3.7 kV is provided from each

,, is module driving a single
accelerator module power tramn The
sealed batteris use dry electrolytes
ard require nmmal maintenance.
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P1. OPTIMAL BASIS EXPANSION FOR SOLVING TIME DEPENDENT SCHR6DINGER EQUATION:
SIMULATION OF GUIDING AND MULTIMODE MECHANISMS

D.IRACANE and J.L FERRER
Commissariat & l'Energie Atomique, Servire PTN, B.P.n012, 91680 BRUYERES-LE-CHATEI, FRACE

Free Electron Laser beam propagation can be described by Time Dependent Schr6dinger type equations. For strongly
time dependent problems, a set of complex static vectors is proposed as a natural basis which enables to solve efficiently a
simplified model. Guiding and multimode phenomena are simulated by using this technique.

PURPOSE OF THE PRESENT WORK: To provide simulations of a Compton FEL taking into account both bidimensional effects
and multimode mechanisms

MODEUZATION OF A COMPTON FEL

Singlemode model:
* A KMR model to simulate the longitudinal part of the interaction
" Each longitudinal macro-electron has a constant radial profile S(r)
" Each laser harmonique satisfies a 2D Time Dependent Schr6dinger equation

Multimode model:
" The electronic distribution is assumed to be periodique with a periode AL =NXL

* The laser field AL is expended as a sum of Fourier modes (n<<N): kn=(l+n/N)kL

Main features:
" Self-consistent filling factor Ra(z) = S(r) . AL(r,z)
" The whole system is conservative: E(electrons) + E(laser) = constant
* Guiding effect are qualitatively recovered for a cost comparable to I D models
* Mode competition and sidebands are simulated from noise to saturation

A NEW TECHNIQUE FOR SOLVING TIME DEPENDENT SCHRODINGER EQUATION

Equation: ia z w = H. ; p(O) = po

Example: H=-A/2k ; o = exp(-r 2 /202)

_--4 P(z) = exp(-r 2 /2p2) ; 2 =02 + iz /k

Problem: for strongly time dependent regimes ( z/k >> v2 ) , techniques using standard basis expansion have poor
convergence properties.

Optimal basis: a set of complex static vectors: un = exp(in&H3).u 0 , where u0 is a seed vector, 6 is a time increment,
H is an Hamiltonian. Each vector is an instantaneous picture of the propagation of u0 with H . When (u0,H ) are closed to
(%,H), efficient calculations can be performed. For FEL simulation u0 is a Gaussian and Ha is the Laplacian operator.

Main features:
* The Complex Basis un I is characterized by 2 uncorralated scales, one in uo to fit the scale of the initial

condition fp0, one in Ha to fit the scale of the dynamics H. In contrast, standard bases are defined as a set of eigenmodes of Ha
and cannot include to scale of the initial condition.

* The Complex vectors u are time independent. So, we avoid spurious non linearities that may appear with
time dependent rotating bases.

* The round-u'ips in a standard cavity are simulated by a matrix multiplication. Moreover, the evaluation of
this matrix in the Complex Basis is straightforward.
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Figure 1 Figure 2 Figure 3

Illustration of a self-consistent calculation of the gain and the radial profile in an amplifier

Fig. 1 - Free propagated laser field in a 10 meter amplifier.

Fig. 2 - Laser propagation in a non tapered wiggler ; the final gain is 4. Note the untrapping of the laser field when the gain

decreases.

Fig. 3 - Laser propagation in a tapered wiggler. Gain raises up to 125.

3.0 1.0- -/ .
/ \

radius of the free 0.8
fundamental cavity mode

2.5c

0.6

n" 0.4

~2.0 -

laser radius at the /
exit of the wiggler 0.2 /

1.5 *''06100 tO 0 200 400 600 800 1000

Micropulse number Micropulse number

Figure 4 Figure 5

Illustration of gain guiding and multimode simulation in an oscillator:.

Fig. 4 - Laser mean square radius measured a' exit of the wiggler in an oscillator system. Comparison between interacting

laser radius and free laser radius shows strong gain guiding and weak diffractive guiding.

Fig. 5 - Multimode operation: 15 laser modes start from noise at the same level and increase to the saturation. The evolution

of the total power P in a macropulse is given, up to a normalization, by the dashed line, The ratio of the power in a

given mode and P is plotted by a full line. The mode competition leads to a unique mode F in the 200 first round-trips.

Then an expected sideband S! raises up. After 600 round-trips a second order sideband appears between F and S1 .
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P1.3 THEORY OF HARMONIC RADIATION USING A SINGLE-ELECTRON SOURCE MODEL

4ALJL, S;nit ad C. J. Eliott
Lo Alamos National Laboratory

P. O. Box 1663, MS E531
Los Alamos, Now Mexico 87545

We magnt

The mechanisms that generate harmonki radiation in free
electron lasers are explored using a distributed single-electron

source model. The model includes the effects of misaligmnents wlsr Magnets

and transverse gradients of the elctron beam and wiggler ield.

The computed trumverse oatiia of the harmonics are
shown.

a Radiation by an electo at the various harmonic frequen-

Work performed under the wapices of the U. S. Depart- es depends on the al the electron makes with the wig-

mert of Energy and supported by the U. S. Army Strategic gler axis

Defense Command

0 This angle varies as the electron travels through the wig-

gler due to et.ron bem Tmalignment, betatron motion
and electron beam focusing

a The instantaneous guiding Center ngl'Os callated for
each electron as it travels through the wiggler

e As the angle for each e ctrmn changes, the coupling coe-
ficient for each electron for each harmoiuc is modired via

tabulated values

IMPETUS FOR AN IMPROVED MODEL

" Electron's radiation phase fluctuates over a wiggler wave- +

length + "X +

" This fluctuation is correlmt to specific transverse oa- .e&
tions with respect to the electron's guiding center position -

53 +

Radiation Phases.,, 
l

AmpltudeN\- y.

+ Ss

Electron Troiectory "- _gfl

"Conventiona) uwodls average sway these fluctuations!
This type of averaging igores: r X b I

I" w XI
Even harmonic radiation (which exists for-aligned sys- .

-Higher order structure of the harmonic radiation pet- I
terns S

CONCLUSION

The source functions moust be modeWe explicitly j
to a" eve the correct harmonic radiation pattern D
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P1.5 A Demonstration of Loss Modulation and Cavity Dumping in a Free-electro Laser Oscillator

Stephen V. Benson, John M. J. Madey and Eric B. Szarmes
Department of Physics, Duke University

Durham NC 27706
and

Anup Bhowmik, Jeff Brown, Phillip Metty and Mark Curtin
Rockwell International, Rocketdyne Division
6633 Canoga Ave., Canoga Pk. CA 91303

The performance of an intracavity cadmium telluride electro-optic cell in a free-electron laser will be
described. The cell, installed in the Stanford Mark Il IRFEL, was used to either modulate the optical
cavity losses or to dump the stored optical cavity energy or both. The results of the experiments will be
presented.

Abstract Abstraci(cont.)
We have Instaled a cadin knhide electro-optic cal in Uhe Mark 01

WREL at Slainkord and used N both to modisulaile Nis cavity losses and to switch In order to dump Owe opical cavity whten in OC miode. kt waa only
Out Ste sOred enery in the optical cavity. Th, call operates by rotatin the necessary to epply a pulse to the eio cal When Vie a o cal was operated
pale1rizalion 31 Use "t in Use cavity. This both reduces thi gain and Inctasses In AF mode, the RF was shifted in phase by I 8(r In order to dumnp Uhe "gh.
mie tosses due to mei presence ol an iniracavity Brewster plate. By rostating Ifie The phase sill was stowed by No high 00 mfVe drive circuit. This caused
polarization quidd by W. Nt Is possibl to dumip up to hall of Us. intracAvity toe cavity dumping to occur over a peilod of about 5 cavity sound tnpii.
poweir in a stIle pass. In order to reduce power levels on mse electro optic Enliancnents; in the oulcoupled power by a factor 01 [en were seen.
cal. we Insalled a beam expanding telescope to reduce the. luence at the cel
by alaclor of tO TheoeM was givn by eilwran pjor DChhvoiltag Be" the beam expandtngv telescope. optical damage of the e-o coo
pulse. 11he FIF pulse was kicked to Vie sixtieths se r ol 01e accelerator was seen. This eventlually shut offthUe lase when inkasscaviy tosses
keituency which corresponds to Vie round kip Ireqtuency 01 ths optical cavity. saprpoadsed 50% per pass.

Large voltages were required to shuet mea laser o 01 eey. 1118toss

motdelion was seen to be a lunctton 01 cavity length detuning. as predicted
by mheory.

a

the FIa awe with extvrmely highi salusagon intensity bIPA
typically tow tIntreit gain. 1he cavity tosses ae usueally smnall
resuft nu outpuit power which is siwl conipated to Nis saltation
power It scu be quite nice UWone could dumnp me* iniacavity power In

U
order to increase me oulcoupded peak power T1his hastbeen donase 0ia
consventional lawis to increase Us eak power. Q.

Several prolaesns miss when one atleipis to use an electra optic 0 i1

krint durrip cause transient or permansent danage to the e a cel.

The second is Sta Vie Insertion tosses can be rallier high, lading to
dlkculty, tsUg. One Is usualy forced to use ant irefteclton coatings on i iI
No e o cal which reduces Use useful bendidlit W1 Ue call Finally, Uses
woWagl No m call la propotrtial to die wavelength. wMich snakes tn
swvelengh caviy dunping espect*l herd to do. CI
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7~I -- i-'r. Extracavity Tests

11 I The txt.2stI.5 cm Cadmium Telluride crysil was mounled on iie bench
7- I -O XA. in tOw FreeeCtion laser lab. ti was driven with a 2 lisoc. Htltop pulse

A f11'a [f rom a pulse orImming network. Two last detectors wore used to measure
~IJ)~ ;Ithe icident and transmilted power as a furiction of fime. Neutral density

- .. ~ .. i--E--.d 6V llefs were used to vary t intensity of the incident tight The

... J.b-11  I 7~.S.~. 1~ arrFree electron laser was operated at 3 tim with 8 rnJ maximum energy
5w,. incidentf an t crystal. A ZriSe Brewstef plate slack train ItV) Corp. was

r I ~ ~used to analyze the radiation tananrilted through the crystal.
I was lourid that the crystal worked property at low intensities hut tailed

L-I I. to rotate the polarization at high Iluences. The tailure was transient and

2A -41-f was dependent on fluence and not intensity. With the corsination of loss
V IAf I~'l-'~~a,= modulation aind cavity dumping. it was concluded that ltre crystal should

IT r~~S AU HGH VOL r-iAE POCAE"- transient damage.
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P1.8
IS IT NECESSARY TO ASSUME A NEUTRALIZNG UNIFORM BACKGROUND

WHEN DEVELOPiNG A THEORY FOR THE FEL IN THE COLLECTIVE REGIME?
A. Bourdier, J.M. Buzzi.

Laboratoire de Physique des m~ilieux Ionis~s, UPR 287 du CNRS

Ecole Polytechnique, 91128 Palaiseau Cedex (France)

*Also in Centre d'Etudes de Limeil-Valenton, BP 27,

94190 Villeneuve-St-Georges Cedex (France)

We start with the Vlasov equation, assuming that there is no

neutralizing background in the beam. In our model, the electrons are

subjected to an electrostatic field as the propagate along the magnetic

field. We obtain a result similar to Bernstein's, plus an additional

term which vanishes as B0increases.

e- n n4.~ 2 0, 1o - 1 f1 (,I.t

at (x1* n .l Is P

2.

p is

p 2 .r

We consider a monioutral Istinitely long beam propagating along which corresponds to. the I! IT. rotation of the column.
we work in frames such &aas 1 0.

Em ithe rooing" "anm" th lectric field does not appear and the
Considering the electron density in the column in constant we find eqiirum dint.,tbut trn function is spatially uniform.

a steady state solution for the Wialo equation /1.2/. Assuming a rotor

equilibrium we find /I/ Following Bernstein /6/. wr caun find again, in the rotating frame .

h1is result tor f, taking It'. . ... # 20R for the electron cyclotron

Is is' f. (II - 0, 7 ,5 . frequency. He Oht~kn the same result using the trajectory method
/7.8.9/.

PRis the constant velocity corresponding to the mean azimuthal notion In what foillows we wrork in one of these rotating frames, and we

1.f the column. I. 74.Y are the single-particule constants of the stop using the prime notatiton.

motion (total energy and two canonical momentumrs). Transforming the
VIA-o equation to a frame of reference rotating with angular frequency We conside: now. tha~t tlie radial electiric field has the followinrg

Pi, w obtain /4.15/ form.

I.. I E ntl 6 e Is. t
0? 00

The electron dernity in not quite uniform. E*(;.tl is the fid due to
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I I I I I'.. 'II.

, - Sw 2 2

let I'. ,k 1-1*l.i'.n'Il , a'1 sitLing to at.lsi it. I. t . -

First we Uoi ns the ie l oed Vlgon Lq. uS ',i's gell ll1

technique o ierticrn Four let and Laplace transtormat .1 1l ioduc-.;l

cylindrical cortdinates - obta1in [ . ilOi

0

e i M1 'I

oil l Ii.
t ( I . . . .1

we solve thia partial differentiai equation. c- 0.1

-Z - -0 ill C4 - II I'- LIti air (.-C) V(,+

l .t'lr t* - t - . t hi';, hton (I the linearttied Vlasov Eq. wrte,

- 0±in (V-r) a I 

, 

t 

I.,' I/

f I
k.L v1

uilth a Ik,,o]/ - i1i/lit . - -

The wave vector of the electrostatic wave is assume dto t,, the (x o

23 plan.. It is soni bounded tunction. #(W, is Some f. such as d 3f it)

to a8) when fia1 - m. The expression we wave derived 1-t I1 is the i. E1(k1. . dC
11511 0 v •

one obtained by Bernstein /6/, plum an additional ttem w+hicl ninished

as B. increases.

We can find a similar result using the trajectory method w" ) . -I 4.ICI * "C - 1 I'.," I * ol -it ,;l V)

The unperturbed motio ol one electron with ll'IlCl. 
Co..lo C

(lcoa V. - v sin p, /0//) and initial position r' is g Iv Il

two different methods hae found that, it the rotating frame,

.-i .-, l e e ht l , , i ll s +' la ra m e te r l is y s l -'.'i 'jZ t , , ': o .tl • l-' t ,
t!" .~ .a1 gi e, y It Il 1.

,I/ i.i tiavidson and .A. Kall, Phys. Ui-. 1--ttt. , il (1919

:.2/ sC. Davidso, and NA. tal9 , Phys. PIlnl , I ',l ,I 1(U)

i./ i.L. rogema, Jr. and R.C. DasIdson Phyn. I'lto 1J .2,2 l1'/)

/4/ N.C. Davidson, J. ilam Phys. J. 229 (1911

/ / tiC. Davidson. Theory of nonneutral pat. av, artas ,.I:t. Ilt .i'IyeS,

W.A. Benjamin, Inc. 11974)

/G/ l.U. Bernstein, Phys. Rev. 10 , 10 (1958)

/7/ L. Mover', Phy. Rev. 1"6, 16 (1959)

/8/ W.D. Jones. N.J. loucet and J.0. Bunti, An il-odttion to the

hrear theories and methods of electrostatic aclv plati-as.

Plenum Press. Ne -York rid London (19115)

/9/ D. ue0mada, Ondes dan Is piaseas, Heimann, P'dt. ti9lt).
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P1.9 A MODIFIED TWISS PARAMETER OPTICAL TREATMENT FOR SPACE CHARGEDOMINATED ELECTROSTATIC ACCELERATOR FREE ELECTRON LASERS

DJ. Larson
Center for Research in Electro Optics and Lasers

12424 Research Parkway, Orlando, FL 32826

ABSTRACT -- The design of electrostatic accelerator Free Electron Lasers requires an
optical treatment of the accelerating electron beam that includes the effects of finite
emittance, space charge, and acceleration. Use of a canonical transformation allows the
problem to be treated in a new coordinate system where the Twiss parameterization of
Courant and Snyder may be employed.

x"+/x=0 and y"+Ky = 0
Equations 1. For piecewise linear restoring forces the position of a particle evolves as
governed by the above differential equations. ,I

exex Ey ey
Equations 2. For a particle beam with an elliptical cross section, with wx the dimension of the
beam in the x direction, w' the divergence of the beam in the x direction, w the dimension of
the beam in they direction, and w 'the divergence of the beam in they dire&-on, Courant and
Snvler parameterize the beam b§ the above functions o, ., o , and .
phase space areas of the beam (the emittances). - e and are the

1 + ax2  x px_-x, Ox=_2c , +y _ =,YY-y, P'=-

Equations 3. Courant and Snyder derive the above coupled differential equations relating the
functions a 1x, c. and Py.

dPx = qlx and__-_a-dqIy
ds ewD(wX+w)(fn) 2c di - Wy(W+Wy)(l)yc

Equations 4. Sacherer has shown that the linear contribution of space charge can be included
in the analysis via the above equations.

Px = rmcx' and Py = =ftmcY

Equations 5. The momenta may be re-expressed as above.

'- : =0,)and y', K.x"+~~~ ~ ~ ~ ([n) -- xO 'd Y+ '--- y=O.

(P(fry)-) (ry)3
Kscx q1 whereKEow(wx+wy)mdc3  and K wy(wx+

Equations 6. Combining Equations 4 and 5 leads to differential equations for the Particle
trajectories that depend on the first order (acceleration) term.
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G =-[(moc2 - qqp) 2 - (pC (P2 - - (m-c2)2]1/2_ -:.

Equations 7. The single particle Hamiltonian for particle motion is given above, using distance
along the beamline as the independent variable.

u=fx, v=fy, ,= and =Ylf.

Equations 8. Applyig a canonical transformation to the Hamiltonian of Equation 7, using thegenerating function F2 = fPuc x + fPvcy, leaves the conjugate coordinates and momenta asgiven above.

G* - [(m0c2 - qp)2 - (Pufc - oAc)2 - (Pvfc - qAC) 2 - (m )211 / 2 - qAsC + Pu fIf + p.

Equation 9. The transformed Hamiltonian is given above.

u" + Kuu = O and v" +Kvv=O
:"K. f. K

where Ku f and Kv f

2q(y2 + 2)with - 4(lit)

Equation 10. Bym ig use of Hamilton's relations on the Hamiltonian of Equation 9, and byspecifying f (, lI1, and after tedious algebraic manipulation, the above simple differentialequations are obtained. The affect of acceleration is seen in the term containing theaccelerating electrostatic field, E., and the space charge affects the particle trajectories
through the terms Kscx and cy'

_,tw ' =_ [ -- , ] U 1 + Y
inx fnx 22ymC2ix - Cx 'u

0 _ _W 2

fly fly fl O P ey flnyP

Equations 11. Since the form of Equations 10 is identical to the form of Equations 1, theparticle trajectories can be parameterized by the analogous functions %, Pu, or, and Pv, relatedto the beam size and divergence as given above.

u,= -U =. L -2o , oV' = Kv0V- YV, ov = -2

Equations 12. The evolution of the modified Twiss parameters is governed by equations
identical in form to Equations 3.

Conclusion. The above treatment allows for a determination of the beam envelope evolutionincluding the effects of acceleration, space charge, and ermttance. Other linear forces, such asthose arising from dipoles, quadrupoles, and undulator magnets, are readily included in the
analysis.
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PThree-Dimensional Simulation of
Free-Electron Laser Harmonics with FRED*

W. M. Sharp, E. T. Scharlemann, and W. M. Fawley
Lawrence Livermore National Laboratory

Livermore, California 94550, USA

FRED3D, a single-mode three-dimensional version of the FEL simulation code FRED, has been modified to
follow signal growth at even and odd harmonics of the fundamental frequency. The derivation of the wiggle-averaged
particle and field equations is presented, as well as their implementation in FRED3D.

* Performed jointly under the auspices of the US DOE by LLNL under W-7405-ENG-48 and for the DOD under

SDIO/SDC-ATC MIPR No. W31RPD-8-D5005.
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Pi.1"

A EXPERIENTAL STUDY OF A SHIELDED PULSED ELECTROMAGNET
WIGGLER CONCEPT

C. Zho, M. Wang.
Southwest Institute of Electronic Engineerin9,Chengdu,PRC

DIGEST:

In EEL devices electromagnet wigglers are con- A new shielded pulsed electromagnet wiggler CS-
ventionaly used.This wiggler design can be ea- PEW) concept is introduced for reducing the si-
sity fabricated and since it is an electromag- deleakage fluk effect, In this paper. the advant-
net, the field can be continuously varied over ages of SPEW have been investigated with wiggl-
a wide range. thus allowing careful optimizati- er period A w of l~cm,working gap 26 of 4.4cm'
on of the FEL design with relative ease.Never- pulse duration of 2ms and maximum ampere-turns
theless~a significant side leakage flux exist- of 12000A.T.It has been found that SPEW has ex--
ing between two adjacent magnets hampers the cellent capability of reducing saturation in
performance of the magnet. This effect is more the core and that the field strength in workinq
serious for short-period electromagnet wiggler, gap is up 3896.

'&A

W1.1, Lt.E /1M

FIG Tohr,5wor e L .1 Lt, t, " Wiiet r 1r(40,.V tl

Iei Kill
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P1.12 LASING ON THE THIRD HARMONIC

R. W. Warren, L. C. Haynies, D. W. Feldman, W. E. Stein, and S. J. Gitomer
Los Alamos National Laboratory

Los Alamos, NM 87545

The Los Alamos Free-Electron Laser has recently lased near 4 pmi on the third
harmonic of the fundamental frequency of about 12 pm. By a choice of intractivity
apertures and cavity length, lasing can be forced to occur on both fri-quencies
simultaneously or on either one alone.

-2-in -10um 40 6 -

geerteid wled laing o h

fundamental.S The ifrnaprue eeued )nn;b-.
mm L''an -35mmd
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EFFECT OF APERTURES

_,L5 (A2I, Apertures clip the wings of the
fundamental mode, introducing

AN ' 1 high-order transverse modes

V V
Los AIS6 -

EFFECTIVE CAVITY LENGTH DEPENDS ON
HARMONIC 0 AND TRANSVERSE MODE 8

GEOMETRIC FUNOAMENTAL
LENGTH FIRST TEN High-order transverse modes have a

VEN MODES group velocity that is slower than the
3 4-5 6 7 8-_ 9' fundamental modes, requiring a

I I I shorter cavity length to keep the
1'0 30 40 40 Jim otpical micropulses in step with the
- APN -electron micropulses.
3rd H. .RAONIC ,. APPARENT

FIRST TEN CAVITY
EVEN MODES LENGTH

Los Ahamo -

TASLE I

____ 2S____ . % Table giving sizes of apertures and
116- .% the calculated and measured round-

I is 404 ,_. 70 $ trip optical loss for the fundamental
_S W, _-_,_ -- _- and third harmonic.
s -- I4
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P.13 Electron-Beam Quality Degradation in a Long Undulator *

Harunori Takeda and Lester E. Thode
MS-11829, Los A lamos Nalionial Laboratory

Los Alamos, New Mexico 87545

Under the influence of space charge or wakefields, the transport of an electron beam through a long undulator can
cause a degradation of beam quality. Using the PARMELA code, we simulate a beam pulse that travels through a
tapered undulator. The electron beam is focused in both planes using parabolic pole faces in the undulator. The
beam emittance and profiles are studied.

Objects * We include the focusing term
in the K.V. Envelope Equation

We consider an electron beam transport &for the Parabolically Pole Faced Undulator.
in a Long Undulator (Untapered & Tapered) The KV Envelope equations:

* The Parabolic Pole Faces focuse beam in both planes. d2 e2  2r2

-= -Q.r + + (r + (1)
* Simulation by PARMELA Code dr, (2 2r2

" Space Charge =I rV + + (2)
" Wake Field by bellows dr2  - vr,3+ .l2(r. + r,)

* Comparison with KV Equation (Space Charge) The Space Charge Effect is proportional to Current J:

We study the Effect 
r -2 = ceJ

on the Beam emittance & the Beam Size

by the Space Charge & Wake Field. The Undulator Focusing coefficients Q. and Q, are

Q,,, = I ( e"' -, whe.ek2-+-k,2=k2, ymzl)

e The Beam Matching Condition e The K-V Envelopes -

into the Undulator match well with -

The beam ellipse must be erect: o, = ar  0, the Parmela Calculations. '

and . (3) .. ..

Y"I q~ ()(: (4)

* The Beam Parameters I. i..
used in the Simulation I . -

Beam Energy :150 McV, Full 6E/E 0.72%
Peak Current :500 A, Emittance :7.32 x 10-2V mm-mr
Pulse Length 21.7 ps K

0.** 0 ,m., ,W* uo* n... o.o -,

Duts (cm)

• Work performed under the auspices of the U.S. Department of Energy and supported by the U.S. Army Stracei,'

Defense Command.
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* The Radial Expansion of Beam by Untapered 70 i Undulator.

the Space Charge * The Matched Beam has Constant beam

Waists in the Undulator.
The K-V Equation & Parmel. Simulation

" K-V: Uniform, Parmela: Ga ssian

" The Beam radius at 4.5 m O With Space Charge (500 A Peak)
" The Current dependence match well.

e The KV Equation Predicts Envelopes
Similar to the Parmela Simulation

oe m . ~ ,A . .

I., IC, IN AliA

2.6.S* . S. C -isRi
Dhemk, (cm)

e Tapered 70 m Undulator k •

9 The Matched Beam Expands Beam Waist " - .. . ...
in the Undulator.

o With Space Charge (500 A Peak)

The Space Charge Modulates the Matched Envelope.
9 The Divergence reduces to maintain

a Constant Emittance.
* The Emittance Growth in a 100% Ellipse

eThe Emittance in a 90 % ellipse has no growth
MA. in Tapered, Untapered, Space Charge, Wake field.

*The Wake Field itself has no effet on transverse emittance.

, . a".The wiggle motion in an untapered undulator increase the
.. (c's) 100% emittance.

I 70m Untapered 70m Tapered
1Ii x-x' y-y' x-x' y-y'

_ _ OA 11% 0o% 0%
.,in * . .. .. i , 500 A 23% 15% 17% 13%

9 Conclusion

" The emittance ellipse that encloses 90% of particles
does not grow with any combination of undulator,
space charge and wake field.

* However, the wakefield induced by the beam pipe bellows
in the undulator is significant. This doubles the energy * References
spread of the beam that sees the bellows at every 1.2 m.

" The emittance ellipse that encloses 100% of partic 1. . M. Kpchiskij and V. V. Vladimirskij, Proc. 2nternat.
(beam halo) grows because of the quiver motion itself, Conf. on High Energy Aceeratos. CERN 1959, p. 274
and by the space charge force. 2. E.T. Schalemann, J. Appl. Phys. P2154, Vol 58, No 6,

" Comparing the emittance growths including the beam halo, 15 Sept. 1985
it grows more in the untapered undulator than in the
tapered undulator.
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P1.1 4 Simulations on Inverse Accelerator and Harmonic Generation

K. Mima, K. Ohia), N. Ohigashia), S. Kurumab), and S. Nakai
Institute of Laser Engineering, Osaka University, Suita, Osaka, Japan

a) Dept. of Electrical Engineering, Suita, Osaka, Japan
b) Institute for Laser Technology, Suita, Osaka, Japan

Abstract

The resonant interactions of multi-frequency radiation fields and electron beams in a wiggler have been

investigated by the computer simulations. It is found that electrons are accelerated at a high acceleration

rate by increasing the wiggler field. The accelerated electron beam is strongly bunched. The bunch size is a

fraction of the injected radiation wavelength. The deleterious effects of the spectral spread of the acceleration

field are discussed.
aipered.Wisolller i /Az nt/NM

(MWg/gle MM

100

*-Seam e0 "" . fenl
-;- - so. Ace "o-SO*A /ld Dc-Trapping

A-M War Acelerated ""go.. 1--.1

F .PI Phase Space 40

Ope I rJ Trppd sl5lo 1
Open 20 .. Tra Particle .

IP Coca. orbit 0 0.4 0.8 1.2 i.e
TAPER ABW/Az (Ms.ue..,)

ength,.,: I4. Owo, Orbi (4) Relations of trapped particle fraction and
L the acceleration rate with the gradient of

(1) Inverse FEL accelerator concept. the wiggler field tapering.
AZap AvopFormultton (1-01 41m) I

^ . 2,8 100

dv, ~ A ~L O
2 A-v Vl 20 \

di 2 erkn osno1.\6

dA * ~ I n \. 4 Y Etrvspread

di 2 di & &Zad2 2 "---. sp

Where I= /1 c-I~z - Patial 8pretd
OK~'k.z .2 O0.4 ,L ... __Pa ogl 0 (Z-A Ic)

(2) Basic equations for the simulation. TE .a-/Az S 1 ,w/e.)

Phase Spec. (5) The energy and spatial spread of an

xIo, Zoom electron bunch.

t.,_ .,, FE,. Fat .e Z: . (mlIi
12 A,, 3.390Ji

Y 1.o 1 Is.3 ko

A. is t

ic/i b0.m 4 ~

On -n/2 0 +w/2 +n . , .. .

(3) Phase space distributions of accelerated "".
electrons. The phase space area reduces (6) Spatial evolutions of the electron beam
with increasing the acceleration gradient. phase space distribution.
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Simulation

(1) (2) PWHA= AthM A Zap A yap nt/N
As 1.25 20 peam0r0A o

P PO P Po a/ Kr) ~ 'a
1.0 If6. so

Pd Pd 0.d77402) -a 0.15 it60

4 ng, 0 = Pao to ,F

Ad.- AsAd4 A 40
-. IWhMt- 0.25 4 yp -qj 20

a = IPWHM)XX*1 2VTRiY -49p .
Ohn =*P(-(Ad(fl)-AsII/2Ot) 0.0 1 1-0

0 1 012

(7) Effects of sidebands on the electron Pd taw)

acceleration. The assumed spectra of the (10) Sideband power dependences of a bunch
radiation are shown. spread and the trapped particle fraction.
case (1) 2-sidebands
case (2) gaussian spectrum

AZOPAYSP b Ma / nt/N AZep Avap br z ZnMV/ t/N
M% M%

1.25 20PO = 60 law) 100 1.25 2 Po 60 (OW) 100
Xjm)2 Pd = I (GW) AZo.(-'i

1.0 16 . so 1.0 1 - La * so

0.75 12 *-Seem Energy Spied 60 0.75 12 s0

0.5 a jiI ' 40 0.5 a Z 40
1; 7 N Trapped Particles

0.25 4 Patc~t 20 0.25 k4 n t/N 20

0.0 L. __________A_________ -
0.0 0.1 0.2 0.2(ra 0.4 0 0.0 -0.0 0.1 0.2 0.3 0.4 0.5 0

&A (jam) Mwa i

(8) The dependences of the phase space spread (11) Effects of gaussian spectrum on the bunch
of an electron bunch, on the sidebands length and the trapping fraction.
wavelength spread. The sideband
intensity is 1/60 with respect to the carrier
wave.

AZsP Aye bz .Yr nt/N Summary
1.25 20 Po = 60 (ow, - 100 (1) Quite high acceleration rate; 100MeV/rn is

Pu.0 (Ow e-see Spollsat pica achieved by the wiggler field tapering with
1. S(Z-Axle) 00 60 GW of 2.3 pm radiation

0.75 12 so. (2) The bunch length is reduced by increasing
-... tb-~ tapering rate. The bunch width can be

/. a eTapn 40 le, than 0.2 pmn.
(3) The side bands heat up the electrons and

0.251 L nl/N 20 increase the bunch size significantly.

0.0 0. 0. 02 (4) The frequency spread of the sideband, 4XIA
0. . 0 A 0.3 (i)0.4 has to be less than IINw

(9) The same as Fig.(8) except the sideband (12)
intensity is 1/10.
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P115 STABLE-UNSTABLE RESONATOR FOR FREE-ELECTRON LASERS
WITH A STEPPED GRATING FOR SIDEBAND SUPPRESSION

Alan H. Paxton
Mission Research Corporation

1720 Randolph Road, SE
Albuquerque, NM 87106

Mark J. Schmitt
Los Alamos National Laboratory E531

Los Alamos, NM 87545

ABSTRACT

We propose the stable-unstable ring resonator for use with free-electron lasers. The optical output
beam has a rectangular cross section without a central obscuration. A stepped phase grating that
disappears at the central frequency is included for sideband suppression. Properties derived using
theory and numerical simlulation are presented.

STABLE - UNSTABLE RESONATOR 11,21 STABLE - UNSTABLE RING RESONATOR: STABLE DIMENSION

RAYS WALK OUT OF RESONATOR IN ONE TRANVERSE DIMENSION
OUTPUT BEAM IS A FILLED - IN RECTANGLE : 12

RESONATOR OPTIC AXIS IS WELL WITHIN GEOMETRIC MODE

RESONATOR IS STABLE AND HAS GAUSSIAN MODES IN ONE
TRANVERSE DIMENSION

APERTURE LOSSES ARE MINIMIZED BY ORIENTING THE
STABLE DIRECTION ACCROSS THE WIGGLER GAP I

THE BEAM TUBE IS ELLIPTICAL TO AVOID EXCESSIVE L
CLIPPING OF THE OPTICAL - BEAM SIDELOBES AT THE
FOCUS IN THE UNSTABLE DIRECTION OPTICAL BEAM IS RECTANGULAR IN CROSS SECTION

SUMMARY OF-PROPERTIES MIRRORS Mi AND M3 ARE CURVED IN THIS DIMENSION WHILE

M2 AND G ARE FLAT
PARTIALLY TRANSMITTING MIRROR OR GRATING OUTCOUPLER CALCULATED RESULTS BELOW CORRESPOND TO: F, = F2 = 3554 cm
UNNECESSARY IN THIS DIMENSION: L, = L,. + Lib + LI, = 7100 cm; L2 = 1500 cm;

APERTURE LOSS IN WIGGLER NO WORSE THAN VALUE FOR BEAM IS ESSENTIALLY COLLIMATED IN REGION WITH LENGTH L2
STABLE RESONATOR 1 AND HAS GAUSSIAN BEAM WIDTH w = 1.33 cm; A = 593 nm WAS USED

IN SIMULATION 2
STABLE - UNSTABLE RING RESONATOR: UNSTABLE DIMENSION

_ 
2b  

% L 2.WHAT ABOUT SIDEBAND SUPPRESSION?
OUTPUT

BEAM (THE GRATING RHOMB OF THE BOEING BURST MODE RESONATOR
PERFORMS THE DUAL FUNCTIONS OF OUTCOUPLING AND
SIDEBAND SUPPRESSION 13,4,5,61)

2  IN OUR STABLE -UNSTABLE RESONATOR, RATHER THAN A GRATING
RHOMB, A SINGLE GRATING THAT DISAPPEARS AT THE

y FUNDAMENTAL FREQUENCY BUT CAUSES PHASE STEPS AT THE

THE FOCAL LENGTHS OF MIRRORS M, AND M3 ARE DIFFRENT FROM SIDEBAND FREQUENCY IS PLACED IN THE EXPANDED PORTION OF
VALUES IN STABLE DIMENSION; THIS COULD BE DONE BY THE OPTICAL BEAM
SELECTING THE ANGLE OF INCIDENCE TO INDUCE THE REQUIRED FOCUSING THE BEAM AND PASSING IT THROUGH THE BEAM TUBE
ASTIGMATISM ACTS AS A LOW- PASS SPATIAL - FREQUENCY FILTER; THE PHASE

CALCULATED RESULTS BELOW CORRESPONI) TO: L2, - 750 cm: I-,h - STEPS AT THE SIDEBAND FREQUENCY INCREASE THE LOSS OF
750 cm, AND THE BEAM WIDTH JUST AFTER THE SCIRAPER IS h - 1 19 SIDEBAND RADIATION 4
cm; F, 1 F] = 3446.8 cm IN THIS DIMENSION; RESONATOR
MAGNIFICATION IS M = 1_36 3
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STEPPED GRATING DERIVATION OF FRACTIONAL LOSS OF SIDEBAND RADIATION AT BEAM TUBE

THE STEPS ARE RAISED A DISTANCE A. ABOV.E THE SPHERICAL ASSUME PHASE FRONTS WITH PERIODIC STEPS OF HEIGHT . WHERE A. IS THE
REFERENCE SURFACE F u(B)lc WAVELENGTH

_A HE STEP HEIGHT IS SELECTED TO SHIFT THE PHIASE FRONTS OF COMPLEX AMPLITUDE IS
LIGHT AT THE CENTER FREQUENCY BY AN INTEGRAL NUMBER OF
WAVELENGTHS AND TO CAUSE SIGNIFICANT PHASE SHIFTS AT THE (,j-0+i.0

SIDEBAND FREQUENCY

ONLY A FEW PERIODS WILL BE REQUIRED ACROSS THE BEAM WHERE THE BEAM IS CONVERGING WITH RADIUS R,
WIDTH ok. - K - ~,~.FOR mODD, a_0FOR EVEN

CAL.CULATED RESULTS BELOW CORRESPOND TO A STEPPED COMPONENT AT SPATIAL FREQUENCY ink, IS
GRATING WITH A FLAT REFERENCE SURFACE AT ELEMENT G IN I (2)

THE.(,~in)~ DR ALIG (2)AE N 4 RTN EIO Fp=03

WAS USED WITH STEPS ONLY ALONG THE STABLE DIMENSION. THlE
HALF.- WIDTH OF THE BEAM TUBE THROUGH THE WIGGLER WAS THE FIRST TERM INT1 1l1RIIACKETS GIVES THE WAVE,
. = 2.5wv IN THE STABLE DIRECTION, WEEwo IS THE BEAM WAIST
INSIDE THE WIGGLER

WHERE x,, = ok,R/k. TIS IS A TILTED SPHERIC AL WAVE WITH ITS FOCUS OFFSET
BY xo FROM THE FOCUS OF THE ZERO-FREQUENCY COMPONENT6

Foil1 ALMOST ALL, THlE NONZERO COMI'IN ENTS.0 FAL 011 ISII)E THlE

REAM TUBlE A' IlEI FOCI'S.

%%I licl GIVE;S

I +

IV-TIllS IS SATlISFIEDI, WE (AN ASSI'ME AN I NAURERIATEDI IIEAMi
INCIDENTr ON TIlE STEPPED GRATING, AND ONLY TIfE ZERO()
SP'ATIAL - FRIEQUIENCY COMPONENT OF T11lE SIISIIIANI) IIAI)ATION

MtA KES ITrI(I OUI I TIllE BIEAM TiaIE

- . .- 1111; FRlACTION OFT lIE SII)EBANI) POWER FED) HACK AFTER ONE

IlOUNI) 'Ill 1I'lIIOl'(01 THlE RESONATOR IS

1N .(4 wI) IV) IIInoIMP'LE I'lIFORN IS PL'.( 1:1 AS ('III 'AY 1:11p-; IIACED )I A4 FIAT MIIIH

7 8
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PIA16 Frequency-Tunable, High Power Microwave Emission from Cyclotron
Autoresonance Maser Oscillators Driven by Microsecond, Intense Electron

Beams *
R. M. Gilgenbach, J. G. Wang, J. Cho, C. A. Outten, and T. Spencer,

Intense Energy Beam Interaction Laboratory,
Nuclear Engineering Department

University of Michigan, Ann Arbor, MI 48109-2104

Experiments have been performed in which Cyclotron Autoresonance
frequency-tunable (6.6-20 GHz), high power Maser Oscillator
(1 -25 MW) microwave radiation has been -Febetron generator with peak
generated by 2 cyclotron maser oscillators with parameters:V=400 kV, 1=1 kA, T=0.4 I~s
microwave pulselengths from 0.1 g.s to 0.8 jis. - 500-1000 Amps; TEI I n modes
MELBA Maser experiments operated in a unique, - frequency is magnetically tunable:
long-pulse e-beam parameter range: voltage. * K-band: 13.5-1 6.0 GHz @ 3-10 MW
0.6-0.8 MV, c urre ntN-i5 kA, and in CARM regime
pulselength=1-2 pis. Mode competition has been * X-band: 10- 12 GHz;-MW due to
observed. cmeiggrto oe

*Supported by AFOSR, AFWL, and NSF cmeiggrto oe

cz=_0A.4 a--0.69 cz=-0.S

Mesreeacdavomssowfeuece

I X

WON- (x). Lines show theoretical intersections or

a1Tube 1.0.n2.8 x)__ __ _ _ _ Wi:o uncoupled dispersion relations for thre

Malk~~apti curren fil(0NL K)

a) 10----/d- Experimental Da

a) Beam Voltage
(160 kV/div)

b) Cathode current
(0.6 kA/div) i

F~1 c) Microwave signal from* L ... i 10.0 GHz filter _Z
9 d) K-band microwaveL *L ] signal (f>14.3 GHz) Wua

400 ~~ e) Microwave signal from

0 150 1zfi-
2.5 3.0 3.3 4.0 4. . a) -e) at 4.34 kG K (lkm)

so(1G Uncoupled dispersion relations of electron
K-bad mcrowve utpt poer s acyclotron wave and cavity-waveguide modes

function of cavity magnetic field. Peak power 0 f K-band maicrowave for experiment; parameters me: tBo.4.34 kG,
corresponds to about 10 MW. signal at 4.52 kG -Vb=37O kV, and a.= 0.72.
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M ELBA Microsecond Maser
experimnents underway with Initial 200 n/iv
parameaters: Eleam Voltage
- e-beam :V.0.6-0.8 MV, 1-1-15 kA (3 10 kV/div)

pulselength. 1 .2 lts -axMirwvPoe
-frequency in X-K-bands (6.6-30 (3Hz) of -n Mi2oav oWer

- peak power level of 25 MW achieved; -A(6.6 GIz < f -c 14.1 GHz)

goal of 100 MW §4
Cavity Input Curent

Th* Uiniversity of blichkoft (1.2 kA/div)
MELBA Mcim2=d MaW uuaamau

200 ns/div

(L-47.3mi R.24a~i) X22ZVWBV PoeawVltg

m ~(Peak of > 5 MW)

(6.6 GHz < f <14.1 GHz)

Tit s M P A avi y N W Tu le & W WK -b an d M icro w av e P o w e r
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P1.17 Spike Radiation From The Columbia FEL
J. W. Dodd and T. C. Marshall

Columbia University, Department of Applied Physics
New York, New York 10027

We have observed isolated high intensity short duration "spike" pulses of radiation from our 2mm
wavelength Raman FEL oscilllator. The spiking is related to the emission of strong sidebands, and has
been simulated with our 2D waveguide FEL code. We describe a "Young's" experiment from which we
determine the spike pulse duration is -150 psec. Research supported by the ONR.

TABLE I

Undulator Period [helical] 1.7cm

Undulator Length 70cm

Electron Beam Energy 800kV

Electron Beam Current Density -2kA/cm2

Electron Beam Diameter 4mm

Electron Beam Pulse Length 150nsec

Waveguide Diameter 18mm

Wiggler Strength 0.2-0.4

FEL Wavelength 2 mm

Synchrotron Period (typical operation) -20cm

Power Output Several MW

Configuration Oscillator

"spikes"

SIDE8ANO
41 .CARRIER HARMONICS'

0 1.75 1.95 223 2.53 3.0

o .. .
• I I '- I ,

I I 1 I I 30 40 50 60 70

__sI0EeANost-------- WAVELENGTH CARS UNITS)

20ns/div
Fig. 1FEL power, 6*zling iig. 2 Experimental sideband

three spikes. spectrum.
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Fig. 5 Young's experiment schenatic.
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0.
0 5 10 15 20 215

LDCATION OF So IN OONREES

Fig. 6 Young's experiment data:
circles, spike signal;
diamonds, average power signal.
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P1.18 INTERPRETATION OF FEL GAIN AND MAGNETIC FIELD ERRORS ON THE SCA/FEL

R. Rohatgi and J.C. Frsch.
High Energy Physics Laboratory

Stanford University, Stanford, California 94305-4085

Abstract

Measurements confirm that, with external
steering,wiggler errors (1.2% rms over 120
periods) do not appreciably broaden the
spontaneous spectrum. Calculations indi-
cate that larger errors could be tolerated Ap
if they did not cause steering errors. I
Efforts are made to reconcile the observed .

FEL gain with optical and electron
measurements.
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P1.19 COMPUTER SIMULATIONS OFA 100 GHz CARM OSCILLATOR WITH
BRAGG REFLECTORS

T.H. Kho and A.T. Lin

UCLA, Dept. of Physics

Los Angeles, CA 90024

A self-consistent, time-dependent, 3-D particle code has been developed to
study the Cyclotron Autoresonance Maser (CARM) interaction in a Bragg
resonator. The code has been applied to model a CARM oscillator experiment
at the NRL. 1 Tentative simulation results indicate low efficiency for the
parameters in the experimental regime, in contrast to theoretical predictions.

100 Cliz CKIL OSCILLATOR tuIFFSIHE-JT PARAIQTEEs

SAMPLE OUTUr"TS: 400 A OSCILLATOR

Beam voltage 600 kV

ae current 200 A

Axial velocity spread Avc/" < 3%
Kagnetic Field 25 kC Electric field profite

Operating mode TE

0.6 1.0

4 Cros:-section via.
Resonator parameters: E 0.0j of electron bea

Kean all dieter 1.39 c.

Upatream Reflector

Length 3 cm Phase pt
Ripple depth 0.25 -
Ripple period 1 68 m 0.8

Reflectivity 99%

Oovnstream Reflector vs/C

Length 1.5 07 F-
Ripple depth 0.31 m
Ripple period 1.68 - 0 L

Refleccivity 901 Axial position

Center Section Length 2.6 tm

Expected performance:

Efficiency 20%
rover 24 KW

SMJLE OUTPUTS: 400 A OSCILLATOR

2.17

Schemnatic of Bragg resonator aeaeotu

besem energy <7>

2.105

104

COKPUTM HOOE

EN energy to 102

" Finite-length. nonuniform. 3-D cylindrical cavity. cavity U(t)

" Considers TE
6 1 

waveguLide mode only.

" Includes self-coneLetnt time and apace dependence. 0 time Ct) 2000
('7 ,,s)

" No space charge effects.

" go val dissipation. .c/
2
w is TE6i cut-off frequency.

" Injects eed wdve to initiate CAoR interaction.

" Cold electron beam aaimsed unless otherise started.
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EFFICIENCY 1T11t BEAN CLWE 4ROM RATE 1111 BEAN CUADIT

10 10' 

v(s) 10
-

5 I
10

" l

0 l0o' to- ( ''
0.1 1.0 10.0 0.1 1.0 10.0

current (kA) c ent (k)

EFFICIENCY 1WI1TH CAVITY LENCFl CROfl1 RATE WITH CAVITY LENCGT

.2 00 A
10 10-2

*(() 5c)/-)5 
10

"
-

0 10o I
5.0 10.0 15.0 5.0 10.0 15.0

cavity length (cm) cavity length (cm)

EFFICIENCY VITH IACNAETIC FIELD TAERIMG A.D AXIAL VEtOCITY SIIEAD

15 SUMMARY

q(t) 0 -From these tentative results it appears that:I * The efficiency is loV for the experimental

5 parameters.

SMagnetic field tapering offers the est levere.

0 .in enhancing the efficiency.

0.0 0.05 0.10 0.15 . Axial velocity spread is not an important

(B.ntry B ex)/B entry limitation here.

A L/v - 0.0
/v - 0.01

a Av /v - 0.02

Reference

I. .B. cCo.an. A.u. Flfflec. S.M4. Cold. V.C. Cranscte/n,
SFEcUATIM ON LOW EFFICIENCY OBSERVED IN SIMULATIONS and N.C. Wong. Int. J. Electronics 65. 463 (198).

7he lo efficiency observed in thee tentative results

appears to be at odds with the thaoretctl prediction

for the CAI oscillator.'

This vork is supported by the AFSOR 88-0027. the NSF.
anm the SOWC.

One explanation could be that reflected waves in the

resonator significantly modify the CAIN interaction.
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PI-20
PROGRESS REPORT ON BEIJING FEL PROJECT

J. Me, J. Zhuang. Y. Wang, S. Zhong, R. Ying, C. Mao.
Institute of High Energy Physics, Academia Sinica

P.O. Box 918, Beijing, China

Abstract

The progress of Beijing IR-FEL project carried out at IHEP will be reported.
It includes some specific developments of software and hardware rather than stri-
ving for general coverage. First, computational studies of emittance and pulse-
length effects to the small signal gain are presented. Then some experimental
results of the microwave electron gun injector is given. Modifications of the
beam transport system and the optimization and measurements of the NdFeB undula-
tor are described. Finally, some aspects of the beam diagnostics and the spon-
taneous emission experiment are discussed.
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Fig. 11 Spoatmanom eulasic of the optimized Uodulator.
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P1.2 1 THE VARIABLE DISPERSION ELECTRON SPECROMETER AT THE SCA/FEL

R. L. Swent, J. C. Frisch and T. I. Smith
High Energy Physics Laboratory

Stanford University
Stanford, California 94305-4085

An electron spectrometer with dispersion
variable between zero and 0.08%/mm has
been installed on the SCA/FEL. At zero
dispersion the energy acceptance is sev-
eral percent. Spectral data can be
acquired at a 30 kHz rate. Energy extrac-
tion by the FEL has been measured at 0.4%.

VARIABLE DISPERSION GIVES FLEXIBLITY

High Analyze SCA Beam with FEL off
(AVE < 0.1%)

Medium Analyze spent beam from FEL
(AM = 2% - 6%)

Low Beam "dump", independent of
changes in SCA or FEL

- < - 2.0 m --- 1.7 mn--4

0.6 m 0.6 m,

I m bending radius
300 pole face

DESIGN PRINCIPLES rotation 0.3m

Panofsky 2.0 m
quadr, pole

* 90" bending magnet provides energy discrimination

" Quadrupole pair before bend controls resolving power 06m

• Quadrupole pair after bend controls dispersion 20m

" Apertures at bending magnet exit determine acceptance
detection

plane

Supported by ONR Contract N00014-86-K-0118. Physical Layout of the System Components.
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DETECTORS

* Phosphor Screen and CCD Camera Ce:YAG
- high resolution in energy 0. 125" coating 0. 1020"

- low resolution in time (at present)

- Ce:YAG phosphor has 100 nsec relaxation time, so a -

gated intensifier could give time resolution comparable to>
amicropulse (but only one sample per macropulse) 045di.0.090"

2.0" square - __

* Wire Array

- moderate resolution in energy (16 wires) Arrangement of the Phosphor Screen and the Be Wire
Array for Detecting Electrons.

- moderate time resolution (30 Wsc)

- many samples per macropulse

12

EXPERIMENTAL CONDITIONS 10-

cE 8 -
" Electron beam energy =67 MeY 5

E 6* Electron beam current = 210 A 
Z

* Optical wavelength = 1.54 gim E

" Optical power = 30 W (macropulse average) m 2

* Macropulse length =3 msec 0
85 95 105 115 125 135

Position (pixels)

Two Laser-Off Electron Spectra. Bending Magnet
Current Differs by 0.1% between the two.

12

12 1
S10-

10 F 9 K

6 4

4 - -0 S

EE 4-eV .E (key)-0
Laser-Off~ ~ ~ ~ ~ ~ ~ ~~~~~~~9 anPae-nEetoSpcr.ElcrnSetaFo ieAryThe~~~~~~~ ~~~~ Lae-f Spcrmhsbe eueaknateLsrTusO.

by~ a2 fato o 2
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P1.22
COMPARATIVE ANALYSIS OF OPTICAL TRANSITION RADIATION BASED ELECTRON

BEAM EMITTANCE MEASUREMENTS FOR THE LOS ALAMOS FREE-ELECTRON LASER
D. W. Rule and R. B. Fiorito
Naval Surface Warfare Center

Silver Spring, Maryland, USA 20903-5000

A. H. Lumpkin, R. B. Feldman and B. E. Carlsten
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

We compare two methods to analyze OTR interference patterns in order to
determine the electron beam emittance from the observed interference fringe
visibility. The first method uses a simple analytical model assuming a

Gaussian beam divergence. The second method is a numerical convolution of the
beam phase space distribution with the OTR interference pattern.

Interferometer and OTR Amplitudes Interferometer Intensity Distribution
2

diro1& e 2 I- .A~)23.. C0 12 .L~ 1 c

e 
Where, according to Wartski,

, --L (I -Teie12)- + R

B, " T-rpn r; - P-n-
n (

-. X^ rm% P

e ^T, R are transmission and reflection coefficients across a foil
,,/ t, r' are transmission and reflection coef. for inside the foil

clear foil n 'r is the Fresnel reflection coefficient for mirror

Specializing to Ein Plane of Observation Average Interferometer Expression Over
E Bandwidth of Filter

and P- A component in plane of observation dk

Neglecting reflected clear foil amplitudes: = L F-- ) dc j

isT11 0 1 sine',,(l Tei12) sin , B,, (le e12)1 ie
S-ucoss ,13,r 131 P,-12)cos e Assume Lorentzian Bandwidth

sine 3cose F(k) = I
,, IPr,,1. Cosa + -3 ,,sine 2

0,- phase of light from interface 1 .rt e- fields at Define Average Phase
interface 2. Note 0 ,2 and 030' k i0>) F(k)e") d k 10(kOl -i (k)

<di¢>-  fk~ei-  2k - 0
ek! e

d'l, e 
Average this over 

e2

d47c = (A + ( ,, e - filter's band width W here 0 1 2,0 2 1,s +s 2 3
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Convolution of OTR Interferometer Moments of Distributions at Beam Waist
with Beam Phase Space Distribution a,=o y y

7TI _fd21,1 (8,-Ox* Y Y) f (c1-,OiYY) dc~tdcKdY. KY> , KX > , KY?>
dWdfl J dca di

Where f is a Paminela fPor Gaussian fa Distribution Local RMS Emittance

r fp(XSx, ,y cxayy) dx dy £E X, -< K> E1=<Y 2X<V

I~~~xDZ f8 10 1 2 2-r2na2 -20A eF24C

Beam Angular Distribution in X-Z Plane Comparison of Interference Patterns
Standard Deviation of Gaussian 3 mrad Beam Dist. from PARMVELA vs Gaussian

-Sirr~jation --- Gaussian -PAFOAELA --- Gaussian
sinfulation 3.0 rnrad

1.01.00 -----

0.8 0.80-

50.60- 0.60

0.40 0.40

0.20 0.20

0.00 
0.0

-0.50 -0.30 -0.10 0.10 0.30 0.50 -1.00 -0.60 -0.20 0.20 0.60 1.00
iE- 1) E- 1)

Angle in Radians Angle in Radians

Ft fect of Coherent Clear Foil Amplitudes Least Squares Fit of IPAR - IPEHP
Gaussian Distribution Std. Dev. 3 mrad SX 4.23 adac, SY 3.6O mrad. L-z 19.91 MeV

- Analytic - -- !rnerical - Theory --- Experiment
No coherence Coherence

1.00 1.00 ---_ _-

0.80 ' , 0.80:1 >N

0.60 I0.60

040 0.40

0.20 ''~. 0.20

-1.00 -0.60 -0.20 0.20 0.60 1.00 -. 0 -. 0 -. 0 02 .0 10
(E- 1)

ngle in Radians Angei ain E- 1)

1. L. Wartski et al., J. Appi. Phys. 46 (1975) 3644.
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P1.24
Design of a High Field Taperable Helical Wiggler

J. Vetrovec

TRW Inc., 1 Space Park, Redondo Beach, CA 90278
(Now at Rockwell International, Rocketdyne Division, 6633 Canoga Avenue, Canoga

Park, CA 91303, (818) 700-4875)

The paper discusses theoretical as well as practical aspects of an electromagnetic helical
wiggler where the field strength and the taper are completely adjustable. Unique coil and
core geometry together with a careful choice of materials make it possible to produce fields
over 5 kG in a bore diameter of 2.5 cm.

CONFIGURATION OF THE HELICAL WIGGLER REFERENCE DESIGN PARAMETERS

Iron core and flux return

SOuad-filar coil provides main excitation

* Auxikary winding for tnmming and taper

* Assisting permanent magnets are optional Parameter Vaue

AL , AY WINDING O I IWiggler wavelength 8 cm

U PLAC.S Nominal field 5 kG
Ampere turns (@ nominal field) 10 000
Dipole thickness I cm (A,.w/8)

COBALT Material Oriented silicon steel
opi ANTS Ampere-turn loss in material 1%(OPTIONALI

VACUUM TUBE

POLEFACE SURFACE DEFINITION OF A HELICAL DIPOLE

* Double threaded screw Helical poletaces

* Surface shape defines Wiggler Field * Core thickness - i. /n In . 1. 2. 3.

* Main excitation from 0uad-filar coil

* Field Trimming by auxiliary winding

, Flux retums are fiaftened to provide space for Aux. Winding
and vacuum tube access

OUAOFi.AR COIL

GAP

3 eX AUXilIARY
WINOIG ITWO PLACE$I
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WIGGLER ASSEMLY WIGGLER FIELD DISTRIBUTION
U asck of 1e~ DBpaes roWed aout z-axis* Scaler potential used in calcuisomsl

--~w aam a ionous V" IrtPoletace assume carcultir to MMWet boundary oondari

Solution con be generalized

( ,. 12 _1 c y~ ((2nm~t)k.p) six (2x+l) (kz..+$
K2.0 2_ ((2 n+t) kW. (2.3.1)2

If 1 1_ i H4
* a.

HARMONICS-FREE POLEFACE WIGGLER RESPONSE TO EXCITATION

# -arc sn 11 (k-) k,., SkgWiggler Feld 01 % IHdloss
*=OJC ) Saturation thrd occurs in e root ot t polepmec

Pernment magneta can d"iv et"te out of maureaon

TRAPEZOIDALCA INo
__________ ((NC ALLC5 

-

iHim
7 3 4 8 1 tO 12 1it

EXCITATMo tkA-TLt;)

STEERING-FREE TAPER TRANSVERSE PLANE TRAJECTORIES

Intepe he= = wglras 01~ c
linar iglerthrll d ole- orieed at tme

seine angle At wigle entrance*Det owrspj

*Apply Habac's steering-tree excitation patterns 
oI oe up*-i

r y

9 10
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P1.25 OPTICAL KLYSTRON CONFIGURATION FOR A

HIGH GAIN X-RAY FREE-ELECTRON LASER

Juan C. Gallardo and Claudio Pellegrini

Brookhaven National Laboratory
Upton, New York 11973

A BSTRACT

We present theory and numerical simulations of the performance of an x-ray FEL in the
amplified spontaneous emission mode with an optical klystron undulator configuration. This

device can produce picosecond pulses of high brightness with a significantly shorter undulator

than a conventional FEL.

i. INTRODUCTION ASE FEL with less than half the undulator length of

The amplified spontan-ous emission (ASE) regime of an a conventional FEL and producing the same output

FEL can be used to produce coherent soft x-ray radiation in power.

a long undulator (5 < L < 10m)' -'. In such a regime, the

initial incoherent radiation. with an optical power proportional 2. 1-D LINEARIZED MODEL

to the number of electrons, is amplified by the electron beam

itself as it tra'erses the interaction region. This collective The spontaneous emission of the electron beam in corn-

phenomena leads to exponential growth until the systcm bination with the undulator magnetic field, acts back over

reaches saturation"'. To a&hieve this situation the undulator the electrons to introduce nn energy m,,.' .i,tion in the beam.

has to be made sufficiently long and the accelerator has to This energy modulation is transforme! , . bunching of the

provide a high brightness electron beam. well above the values electrons as they go through the dispersive section. The op-

required for an oscillator experinment. However, the ASE has timal position of the dispersive magnet ocvurs at the point

a number of advantages in comparison with an oscillator: where the laser power starts to grow exponentially which cor-

" good reflectivity soft x-ray mirrors are not needed; res -)nd to a gain length LG, defined as the distance for
" needs a single pulse traversing the undulator reducing e-folding of the laser power. This forced bunching results in

* needsntansingleupulse travernsingtthe undulator reducing

the beam loading problem' in the electron beam accelerator. a discontinuous jump of the gain as the elec!.;'ns enter the

In this work we discuss one possible alternative undulator radiator undulator.

configuration that will reduce its length keeping the total The FEL dynamics are then described by defining thrt,,

power output of the laser approximiatelY constant. An optical collective variables' for the laser field X, the bunching function

klystron' * (onsists of two undulators separated by a short , and the energy spread Z

dispersive magnet. Thisn magnet configuration translates a

the energy spread created in the first undulator section

(modulator) into signifi: ant ,ianges in the electron phase =

(k ko) z w t when the electron pulse arrives at the z - (ei¢or\

second undulator scti,,n (r,tdtalor) If these changes are P\ /
arranged in a suitable nmannr %e can achieve significant where 0'0 is the initiat electron phase, 0 ' tk t'otto is the ini-
Irrn(hing and , o sequentld a larger ptl al gain tial electron energy and 7 _ --_sO) p -. (p K. ' ( ,r M. , '

We" first use a situp! l-I) linearrsd ther) to obtain an is the FEL parameter with Ao the wiggler period, K the un

approximate estimate of the F IA. field enhancement produed dulator parameter; re is the classical electron radits and A,
by the optiral klstron manet configuration; then, we nurnr is the particle density of the electron bean. In the limit of

icallv slse tli, ,oinplete ri-n linear s-, .f 1-1) F'I'VI, equati,n small p the F F . equations of motion' with initial conditions
inclrig h s tienergy siprAd arid -rricewr X(f0) Z (0 0 and Y (0) 'o are.

()ir results show that an optical klystron is a

very attractise alternative ti, achieve saturation in air r,."X g),
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Y=z This last expression shows that the enhancement factor in-

z=-X troduced by an optical klystron is given by the factor 'I
which for the parameters considered in our simulations is of

here .5 is the detuning parameter 65 and 72 = the order of 10 Toot3 neuvln rwhi h il

S(I + K') and A with r = 4spN, N being the in the conventional FEL configuration, the length of the un-
number of undulator periods. dulato, can be estimated from e"" ipar:z:1 which for the

The solutions in the high-gain sell-spontaneous emission value of p used corresponds to 2z400 magnet periods.
are We have used a 1-D simulation code to solve the full

- I Yoeise set of FEL equations including energy spread and emittance

3 and to calculate the output laser power of an ASE-FEL. To
X = -,4 Y simulate a realistic electron beam with energy spread and

Z = 'p y emittance we use a uniform distribution in 0o and a product

I - if3-of a gaussian distribution in energy spread, transverse position
where is T-(zj) and is* is the complex costju,5ate. and injection anget. As illustrated in Fig.1, the saturation

The dispersive section can be taen as an instantaneous power a"heyed by an optical klystron is l&rgcr than the one
intetactje'n at rD with the following constraints on the dy- obtained with a standard wiggler and, more important, we
namical variables (X< and X> denotes the values right before observe significant power levels at less than half the undulator
and after the dispersion interaction, respectively), length. Although our results were obtained in the context of

a -D theory, for the set of parameters used, the gain length
X= X<of the device is shorter than the Rayleight range of the laser

Y> = <- 7)and, consequently, 3-D effects will not significantly modify

Z> = Z<our concluuions".

where V = pkD with

D e ;C )2  4: ' t Z" &L"BD 1~"V . R.EFED.ENCES
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1 igure it Laser power vs. x/L from the sinulatiwni( (,r boti tnndftrdj
undulstor and optical klystron. er = 0.0 (solid); oE 0.1%5h(da) al"I
1g. 0 2% (circle)

Tbl)Ie I: Electron and undulai.,r parameters used in the simiulatiiis
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"E 10
4  
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P1.26 ANSALYTICAL TREATMENT OF ELECTRON
TRAJECTORY STRAJGHTNER ISSUES IN

FREE-ELECTR ON LASERS

C. J. ELLIOTT, Los Alamos Nat'l Laboratory, NM
and

D. C. Quimby, Spectra Technology, Inc., Bellevue, WA

WE HAD A PROBLEM
A NA L YSlS SHO WED THA T THE A L TERNA TING

SCHEME
HAD MUCH TOO HIGH EFFECTIVE ERRORS

aa

Concurrent Concurrent

bowpoam paalo 9 Wrp.Iatn parmeter f

MAGNETIC FIELD GEOMETRY OF THE
CORRECTING COILS

BK Ax
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P1.31
A PROPOSED FEL INJECTOR AT ME

X. Zhai, W. Zhou, Z. Weng, T. Wu, C. Liu, Y. Lu, X. Shi, T. Yang.
Institute of Atomic Energy,P.O.Box 275(17)

Beijing 102413,China

Abstract
For the purpose of scientific research, a L-band FEL injector at Institute of

Atomic Energy(IAE) was proposed years ago and approved recently. It consists of
a thertaionic electron gun,a subbarmonic buncher(108HHz),a fundamental buncher(l3oo
HHz), one accelerating section and diagnostic devices. The electron energy is about
2O04eV, micropulse current is greater than 50A, macropulse length is 1O-2Ops. Now
this project is in progress.

P1

Li -2.

1.0 1.5 2.% 2.% 1.0

-- Zx.-t - -
Fig.3 Phase focusing in the Buncher

~is.L

0. z

-I.2

ig2Phase focusing in the SHB Fig.4 Nagnetic field distribution
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.Ax~s

Fig. 5 Electron trajector ies in the electron gun
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P1.32 FULLY AUTOMATIC WIGGLER-FIELD TEST AND CORRECTION

R. B. Feldman and R. W. Warren
Los Alamos National Laboratory

Los Alamos, NM 87545

The pulsed-wire field measuring technique has been integrated with a series of
field-correcting dipole coils using computer control. The combined system performs a
rapid, on-line, measurement of field errors in FEL wiggler magnets and their
automatic correction.

AUTOMATIC MEASUREMENT
CORRECTION SYSTEM

. .INITIATE

:p RAISE BRIDGES

FIELD MEASUREMENT

w COMPUTER ANALYSIS

ACTIVATE POWER SUPPLIES

I RECORD KEEPINGI

LOWER BRIDGES

Vertically-mounted wiggler with ON-UNE USE

sensors, wire, bridges, and correcting
coils.

SENSORS

BRIDGE
ADJUSTMEN

WIGLE VAUU

Diagram of on-line system showing
the wiggler, sensors, wire, and
bridges.
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Integral of signal showing
displacement of e-beam in
uncorrected wiggler.

Signal from sensor, showing on the .
left, the field integral, and ,an the
right, various reflections from the i/i
bridges. "

"A I

! ,: o 11- =: =: ," -* _

Signai from sensor when wire current E7- /f/9
is too iarge, generating large
nonlinear signals 62

"I I

~I I

Expanded view of field integral
where most of the high-frequency
wiggleas have been suppressed by Integral of signal showing
employing a 1 X pulse. One curve has displacement for corrected wiggler.
been displaced by activating a
correcting coil.
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PI-33 TIME DEPENDENT MEASUREMENTS ON
THE STANFORD SCAIFEL

J. C. Frisch
High Energy Physics Laboratory, Stanford University, Stanford, CA 94305-4085

and
J. E. Edighoffer

TRW, One Space Park, Redondo Beach, California 90278 U.S.A.

A new diagnostic system has made it pos-
sible to measure the time development of
the optical electron beam spectra within
a single macropulse. This system has
allowed the measurement of several FEL
effects, including the wavelength shift
during laser startup, and th.a development
of sidebands during high gain operation.
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PI-34 STABILITY REQUIREMENTS FOR

RF LINAC-DRIVtEN FREE-ELECTRON LASERS*

William E. Stein, W. Joel D. Johnson, John F. Power, and Thomas J. Russell*';

Los Alamos National Laboratory, MIS J579
Los Alamos, NM 87545

505/667-1984

ABSTRACT

The performance of free-electron lasers driven by an electron beam from a rf linac is strongly 'Ic-
pendent on the stability of the electron energy, the charge per micropulse. and the time interval hel'%Ccn1
micropulse-' Effects of Wamn instabilities on lasing and the improvements made at the LANL and lRhciiiv-
EELs are presented.

* Work supported and funded by the US Department of Defense, Army Strategic Defense Conmimnd.

undcr the auspices of the US Department of Energy.
**Boeing Physical Science Research Center

LOS ALAMOS 10-MICRON FEL

Fig. 1. Configuration of the LANL FEL.

*Thermionc Gun
*108-MHz Buncher
*433-MHz Buncher
1 .3-GHz Taper Phase Velocity Suncher

F~ndamslntal Accelerator

Fig. 2. Arrangement of the BPSRC FEL.

82



SENSITIVITY OF LASING TO VARIATIONS IN RF PHASE AND AMPLITUDE IN THE LANL EEL

AIR

Fig. 4a. 0.5 and 1.3 degree rf phase shifts cause 20% and 40% change in laser power.

Fig 41 ) (6V change In electron energy auses 70% dc.cre,-,- in 1lase-r power.

Fig. S. BI1SRC gun puilse. 1 .25 itC per vertical division. Fig. o. I3PSRC klystron rf phase. One degree( per ver-
ticai division
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PI.35 No Incollinear FEL and Inverse FEL~ Schemes

A.A.Varfolomeev,Yu.Yu. Lachin
Kurchatov Inst.of Atomic Energy

Moscow,USSR

Abstract
FEE8 designs with the electron beam travelling through the undulator not

along, but at some angle with respect to the laser beam have been analyzed. A
general expression for small-signal gain is obtained. The noncollinear schemes
can in some cases be preferable. They provide tunable laser operation, make
two laser beams noncollinear interaction with electron beam possible within
the same undulator, increase the acceleration rate and the upper limit of
particle energies./
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DEVELOPMENT OF A HYBRID PERMANENTMAGNETUNDULATOR
P1.36 PROTOTYPE FOR FREE ELECTRON LASERS

F. Rosatelli, L. Barbagelata, A. Natrone, G. Ottonello, P. Prati, D. Tommasini
ANSALDO RICERCHE - Corso Perrone 25, 16152 Genova (Italy)

F. Ciocci, A. Renieri, E. Sabia
ENEA, Dip. TIB, U.S. Fisica Applicata, P.O. Box 65, 00044 Frascati (Italy)

Abstract

A hybrid permanent magnet undulator is under development in ANSALDO RICERCHE for the

LISA FEL experiment.

The criteria adopted to optimize the magnetic and mechanical design of the undulator

and the results of field measurements on an eight period prototype will be

discussed.

The device used for measuring the permantit magnet blocks and the code developed for

their sorting will be described.

Fig I Eight period model of hybrid permanent magnet undulator.

Fig 3 Equipment for measuring permanent magnet blocks.
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Fig 2 Plagnerlc Strucrure of the model incl.ding tufllfl-studs
and correc-tion colls
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EXI.1 Free Electron Laser Oscillation on the Super-ACO storage Ring at Orsay

M.E. Couprie*, M. Billardon**, M. Velghe***, C. Bazin, J.M. Ortdga*, R.Prazeres and Y. Petroff
(LURE CNRS/CEA/MEN Univ. de Paris-Sud 91405 cedex Orsay FRANCE)

* CEA, IRF, DPhG, SPAS, 91191 cedex Gif-sur-Yvette
ESPCI, 10 rue Vauquelin 73231 Paris cedex
LPPM Univ. de Paris-Sud 91405 cedex Orsay

ABSTRACT
The Free Electron Laser oscillation was obtained in February 1989 in the visible at

Orsay. For such experiments, the Super-ACO Storage Ring is operated at 600 MeV with two
opposite bunches, using the "low emittance" optics. It provides a gain of 2%. The general
features of the laser are described.
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EXI .2 A Review of the Stanford Mark IIl Infrared FEL Program

Stephen V. Benson, Wun Shain Fann, Brett A. Hooper, John M. J. Madey, Eric B. Szarmes
Department of Physics, Duke University,

Durham NC 27706
Bruce Richm-.an

Dept. of Applied Physics, Stanford Univ.
Stanford, CA 94305

Louis Vintro
Deacon Research,

Suite #203,900 Welch Rd. Palo Alto CA 94305

The performance of Mark III infr-ared FEL with a new microwave gun will be reviewed. Operation of
the accelerator is now close to design values. The Mark III has provided over 2000 hours of laser time to
experiments in FEL physics, material science, and medical physics. Highlights of the experimental program
will be presented.
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Possible ImprovementsPleCmrsin
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EXI.4 INITIAL RESULTS FROM THE FREE-ELECTRON LASER MASTER
OSCILLATOR/POWER AMPLIFIER EXPERIMENT

Anup Bhowmik, Mark S. Curtin, and Wayne A. McMullin
Rockwell International/Rocketdyne Division

6633 Canoga Avenue, Canoga Park, CA 91303
and

Stephen V. Benson [11, John M. J. Madey [11, Bruce A. Richman, and Louis Vintro [2]
Stanford Photon Research Laboratory

Stanford University, Stanford, CA 94305
We describe the first free-electron laser master oscillator and power amplifier experiment. The
master oscillator and power amplifier are driven by time-sharing an electron beam from a single
if-accelerator. IThe optimized, small-signal gain spectrum realized in the untapered power
amplifier is presented and additional Q-switched experiments are discussed.

LASERBE.4M FIXED L40E MATCHN .....
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* DETUINING EFFECTS AVERAGE CURRENT 100-250 230 WA

LARGE SIGNAL PEAK CURRENT 1040 25 A
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(I I Now at Duke Unmvcruzty. Durharn, NC 27706
(2) Now at Vwrton Schtool of Business, University of Pennsylvania. Philadelphfia. PA 19104
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*THERMAL DISTORTION (WATER COOLEDINOT USED) - [TF

*HIGH VOLTAGE IN HIGH VACUUM ~
*OPERATED FEL !N BOTH O.MODULATEDIOSWITCHED MODES I 0

*PROBLEMS - F T t i)l
*SURFACE CONTAMINATIONTRANSISSON LOSS

'PI 5 S V BENSON. *DEMONSTRATION OF LOSS MOoUATON)CAVITY DLIMPING -

I AN FEL' I. PEI~

Loss-Modulated Macropulses

W115 Ia momCONCLUSIONS

IN- FIRST DEMONSTRATION OF FEL-MOPA (SINGLE ACCELERATOR)

*u min OPTIMIZED SMALL SIGNAL GAIN SPECTRUM

GAIN ASYMMETRY OBSERVED (INTERMEDIATE GAIN. 10% <G< 100%)

______________ - *FIRST DEMONSTRATION OF O-MODULATEDIO-SWfTCHED FEL
Mailmum sflabit poatr Pvwe from shoer covity

*HIGH POWER MOPA ATTEMPTED

C o.M" o~ p P-a "n 5f kw -4t*. CAVITY DUMPED PULSE TRANSPORTED TO AMPLIFIER

- LASER BEAM QUALITY POOR

EXPERIMENT SHUT DOWN/TO BE RESUMED AT DUKE
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EXi 5 PALADIN Operation with a 25-rn-Long Wiggler*
T. J. Orzechowski, J. L. Miller, F. W. Chambers, Y. P. Chong,

J. Edighoffer,t P. Lee, * D. Prosnitz, E. T. Scharlemann, and J. T. Weir

Lawrence Livermore National Laboratory
University of California, Livermore, California 94550

The PALADIN free-electron laser amplifier operates at 10.6 pm. The wiggler has recently been extended
to 25 meters. We have measured exponential gain and saturation for various magnitudes of input signal. We
have modeled the performance of PALADIN with the 3-dimensional simulation code FRED and will present both
experimental results and simulations of the experiment.

*Work performed jointly under the auspices of the US Department of Energy by the Lawrence Livermore National
Laboratory under W-7405-ENG-48 and the DOD under SDIO/SDC-ATC MIPR No. W31RPD-9-D5007.
tTRW, Inc., Redondo Beach, CA
* General Atomics, San Diego, CA

PALADIN Operation with a 25-meter
Long W1g9je PALADIN phase four L

Extended WIDOle

T. J. Oreactiewsld J. L Mille, F. W. Cheater, Y.P. C1110119
J. A. Eigiloeru. P. Lee, D. Preaulla

E. .Sobsolesnmm, mid J. T. Weir Ahromdc W100e
Quadrupole 09 MO" Eleti
emmifance and d*1 rentawi

section law k"pu Wdgrer

pvled as the
11thi lIetrnatol o lieronce an Free, Eleton Lamesm____ __

hz.tCutnM HOte To leee
Nls, o pdds gfOlC

Auguet 28 - Septem~ber 1, . iaw

We have assumed a two-component phase space
PALADIN Phase IV experimental parameters * (core & halo) to model the beam Incident on the QES

W11111 10114111 10.6 Jim
Seem Ermag 4 11111v o Constraints (self-Imposed)
Selaam rent 5061011A - Both componenlts at a waist at first GIES aperture
Beam Brightness Ad-W0AI(ne".)s - Each conmponent Is elither & Gauslslant or a imnformlY
WIggapuw 8 a filled ellipsoid

- Both comp.atents have 7 ri radius (z 6.25 mm
WIDOW " 250aperture radius) at first QES aperture (edge radiushiu strit passer 16 kW. 3.6 111W, 400 MW for ellipsoid. lIe/ radius for Gaussian)

muesunillon" p Ii ageaphiss. of quadrupole filtance 0 est fit (least aquares) to Tj vs quadrupole gradient Is
- core z40 ellipsoid wirc = 7.S mmn-mad, -300 A

(f5= 1 4-106 A(mwrador 1-410s (old LLNL unlta~j
- Halo:a Gaussian with E a.30 mm-mrad. -2700 A

11(90% contour) - 4-6-W AJini-rad9t or 46-103 (old LLNLI
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Gain vs wiggler length, 18 kW Input L
Comparing the experiment to simulation 40

The electron beam energy varied by ± 1% from +Eaperanot

-simulation

*This energy atin caused large variations In 30 (vasryingl B.
the PALADIN output

*To model the FEL performance with FRED we chooe
the highest dat point a any eet of wiggler parameters
and compare tis to the upper eanvelop of a seriee of Gain (dB) 20
simulation rune where the wiggler field was varied by
1 025%

10

10 20

Wiggle lefgth (mn)

Gain vs. wiggler field, 3.6 MW input PMI~omIinszy data indicates PALADIN has
____0.0_______ demonstrated 0.97% extraction from the

20.C 'electron beam

*E.erimant Ate beam time:
Simulation 0l~,i ,04G

+ + 10.5W

Ga.n 10.0
(dB) + .nr~a 0.21 GW

+ Eb*,,, 44 MeV
* I ~500 A

e-J beam on P,,e., 22 GW
Wiggler parameters;

Wiggler field (kG) 17% linear taper starting at 2 0

Electron energy loss agrees with laser power gain * Conclusion
PALADIN has demonstrated1 - extupole tranaport of electron beam In wiggler

IS I (Y.P. Chong poster)id ~ I- exponential gain (up to 31 dB -2.5 dB/m exp gain)
S ~- saturation (0.6 GW)] 1 - 1% extraction with linear taper

65 5 PALADIN reaults are In reaonale agreement with FEL
r - I imulation@ (340 code FRED)

44 44 44 44 46 48
L-g *MI&WPR PALADIN performance is currently limlited by electron

No Input signal to FEL 400 MW Input signal, 17% linaer beam brightnse
(unperniulbed electron distribution) taper: A"i a 0.9% *PALADIN showed excellent power belance between

optical power and electron beam power
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UNI.1 WORKSHOP RESULTS ON SMALL-PERIOD WIGGLER DESIGNS
Richard L. Sheffield, John H. Booske, Roger W. Warren, Klaus Halbach, Bruce

Danly, Robert H.ackson, Peter Waistrom, Jack Slater, and Arthur Toor
Los Alamos National Laboratory, MS H825

Los Alamnos, NM 87545
A review of a workshop on small-period wiggler and undulator designs held at

Los Alamos National Laboratory on April 13, 1989 will be presented. The wiggler
designs are based on the following mechanisms: microwave fields, electromagnetic
coils, miniature permanent magnets, current sheets, superconductive coils, and iron-
free pulsed wire.

WORKSHOP RESULTS ON
SMALL-PERIOD WIGGLER Why we are Interested In

DESIGNS small period wigglers.

Richard 1. Sheffield, John H.
Booske. Brue G. Danly. Robert H.
Jackson, Jack Slater, Arthur Toor. Recent Impovements In electron beamn
Peter Wcilstrom. Roger W. Warren brightness has pushed the present limits

Representing Oin the order given above):onwglrpids
Los Alamos National Laboratory
university of Maryland
Manochuusetts Institue of Technology APPUICATIONS
Naval Research Laboratory
Spectra Technology Where loge gaps are required to
Lawrence Beurkeley Laboratory reduce-. wakefleds. resistie wall
Gfumman Space Systems IsaityorboI nterepio.
Los Alos National Laboratory

I11th Int. Cont. on Free Electron Lasers Lwcs n/rhg-finyFL
August 28 - September 1. 1989

Naples. Florida

SCALING LAWS FOR WrGGLERS CURRENT SHEET SHORT-PERIOD
Hldbach, Slater. and Jackson WIGGLERS

________________John Boosice. Univ. of Maryland

Permanent magnets: For high average power mm-wave FELL

a,, - 10- Bk(G)(Cmn)eA(pllI/l) Wiggler periods fo 0.5 to 1.6 cm.

Electromagnets: Electron beam is a sheet beam.

a,, - 104 J(AcmV,,(cm)eA(-pI-./Vl. Uses very thin Iron laminations to reduce

Resistance proportional to I/d eddy current loes

Power proportional to d I=- ,Ithkns/dephj

*Measured fildk errors "esthan t 2% for
Cooling proportional to l /d cores with thicknesses within 4% and gap

alignment wit" ± 0.5 to 1 .0%
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ISSUES IN CURRENT SHEET REDUCED EDGE EFFECTS LINEAR
SHORT-PERIOD WIGGLERS (REEL) WIGGLER

Bob Jackson. NRL

• Field errors become importent when the
iron begins to saturate. Developed for 0.1 to 1 mm radotlon.

. Keeping the wiggler thermally stable by a. = 0.2 to 1.0 for periods of I to 3 cm.
cooling must be considered for DC
operation, for small wiggler periods this Simple cheap fabrication and flexibility to
cooling will limit operation to a pulsed vary the field Intensity.

. Reduces uncompensated virtual bias
. Not compatable with external steering currents at wiggler sides.
and/or focusing. a Reduces excess field end effects.
• Correction of end effects of the wiggler. Microwiggler structures posble below

• Field errors become Important when the 1 mm (to 1 pm) using wire-EDM or sold-
Iron begins to saturate, state fabrication techniques.

ISSUES IN REDUCED EDGE EFFECTS ELECTROMAGNET COILS ON
SUEA REUEL WIGER C-SHAPED IRON CORES

INEAR (REEL) WIGGLER Bruce Danety, MIT

1to 5 mm wiggler periods

Individual cores can be tuned tominimize wiggler errors during operation.
* Field errors become Important when the
iron begins to saturate. Prototype devices have been built for 30

periods with 2.4 mm per period: 10 A for* Keeping the wiggler thermally stable by 160 turns per core. - 0.6 kG peak fields,
cooling must be considered for DC 3 mm gap.
operation, for small wiggler periods this
cooling will limit operation to a pulsed Next model is for 30 periods with 2.4 mm
mode. period: 2.5 A for 800 turns per core, - 1.3

. Not compatable with external steering kG peak fields, 3 mm gap.

and/or focusing. . Operation at low temperature or In
pulsed mode gives - 3 kG peak field.

ISSUES IN ELECTROMAGNET COILS
ON C-SHAPED IRON CORES

* To achieve high a. requires pulsed mode
operation.

. Not compatable with external steering
and/or focusing.

• Field errors become important when the
iron begins to saturate.
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MICROWAVE WIGGLERS ISSUES IN MICROWAVE WIGGLERS
Bruce Dan!y. MIT

* Resonance gives extra factor of two: . LIfed values of a. for non-
- ],.I( ,2( 1+ •'. 0superconducting cavites.

. Broad-gain spectra and higher
Less than 5 rnmn period and largs bor. harmoncs occurs for large a.

Experiment has given aw - C.006 for 139 • Superconducting covlles ore linted to
GHz at 325 kW drive power 0c,./k - 1.9). a, < 0.5 because of cooling requirements.

' Next experment I designed to give an a. • Large expense Involved In purchasing
- 0.049 for 139 GOz at 4 MW drive power and set-up of rf source.

, 0.9).
Very Ngh rf drve powers required for

.,go ¢wdervvw poW of I Zmm Ow ao"= appreciable (o, > L11) fields.

SMALL-PERIOD PERMANENT MAGNETIC FIELD DECREASE WTH
MAGNETS DECREASING PERIOD FOR PERMANENT
Art Toor. .L MAGNET MATERIALS

. erinent magnet wgem with periods
of 0.0D0 to I m and upto 101 peiod$.__________

. Two O"at ne. mcNned sM blcks
Of pemanent manet matal whIlch * o4-a mag n d and Immh ed In a woe I flouid anda, two. oxtbeonet thin 0 /

wafer iced wafers 

41 " fl, Ofte mach11ned blocks. w wereoM
bu t wh perod of 62 to 700 mlcms Wd
32t 60 1taipi -ives mom unifrm ..
fels an eailer to fabricate

SOf the sliced wafers. wigglers were built t .
with 250100 l00 crorrand 50 to 250perl€cl.

. GOP to period Mios of 0.5 gave gap
fielas of Ito 3 kG.

ISSUES IN SMALL-PERIOD
PERMANENT MAGNET WIGGLERS

The machined blocks have a field which
Is down by 2 and requrs a bici field and
thus coolin flor dc operation.

. The sliced woer less than 260 mcrom
curled because of Interol strems
icaion. handng. and controlig

unlNtormdy are very difflcult for very thin
wafers.

Urrlted to mal values of a,
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SUPERCONDUCTING WIGGLERS ISSUES FOR SUPERCONDUCTING
Peter Walstrom, Grumman WIGGLERS

* Superconducting wigglers grvc the
highest cw field strengths on-axis for Alignment and correcting field errors
periods greater than 1 cm. when cold.

. Holmium Inserts con Inrase the on-axis • Thermal expansion's effect on
field by up to 50%. mechanical clesgn.

For example, Cooling of wiggler tube.

wiggler period = I cm, Expense of cryostat.
wiggler gap = 3 mm,

•Operating expense.

has
Radiation effects on superconductor.

c . Vacuum In wiggler tube.

PULSED IRON-FREE COILS
Dodge Warren, LANL ISSUS IN PULSer)

IRON-FREE COILS

* Goal is to keep a. at I for sub-cm
perlods where operation is limited by wire
failure.

. Uses no magnetic materials and
therefore is not constrained by saturation Umited to pused operation.
effects. Skinited to xuls e fet o me

-With room temperature cooling, pulse Important Provery f effectsm ecme
operation Is limited to - 100 ps for 3 mm
period. - Coll current generator must have very
* Operation at 1-3 mm Is possible for pulse small amplitude variations.
lengths less than 10 ps.

* High machining precision is possible.

SUMMARY OF SMALL-PERIOD
WIGGLER WORSHOP SUMMARY OF SMALL-PERIOD

Permanent magnet wigglers: WIGGLER WORSHOP
initially more expensive;
no operating costs
compatable with external steering and/ Microwave wigglers:

or focusing. wiggler perods of less than 5 mm;possible sub-mm periods;

Hybrid wigglers: large wiggler gap;
inherently smaller field errors; initial expense is high;
lower fields than pure permanent for high st cavity cooling is an issue;

magnet wigglers. requires high levels of rf power.
compatable with external steering and/

CW electromagnet: or focusing.
consume power;
require cooling; -Iron-free pulsed wire wigglers:
flexible operation; give very high fields limited only by the
relatively low cost. cooling available;

wiggler periods of 1 mm with an a. of 1;
Superconducting wigglers: compatable with external steering and/

highest cw magnetic fields; or focusing.
for > 0.5 cm periods;
very expensive to build and operate.
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UNI.2 PULSED-COIL MICROWIGGLERS

R. W. Warren, D. W. Feldman, and D. Preston*

Los Alamos National Laboratory
Los Alamos, NM 87545

*California State University
Hayward, CA 94542

Conventional wigglers made with periods of less than a few centimeters
generate light of short wavelength, but usually have low gain because of their low
fields. Iron-free electromagnets driven by high pulsed currents can generate the high
fields needed. We will discuss the design and construction of such magnets.

NN

7'l

Different Coil Configurations

Winding double helixes of 8 mm
period with 2 mm dia. tubing.

I I .I I 'n r 'Ar.

Properties of coils of different sizes
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I LosAlams'

Completed wiggler

Field-measuring apparatus

integral of field

-Im

U---
Double integral of field showing bad Double integral of field showing

end effect. good end effect.
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UNI.3 MICROUNDULATOR FIELDS

Isidoro Kimel, Luis R. Elias
Center for Research in Electro-Optics and Lasers (CREOL)

University of Central Florida, Orlando, FL 32816

ABSTRACT
Magnetic fields of several configurations for short period undulators made of permanent

magnets, were studied analytically. These microundulators are made of blocks on which grooves are
machined. First, the approximate two-dimensional fields were obtained by solving Poisson equation
using Fourier transforms. The finite width corrections were added afterwards.

2. THEORETICAL CONS[DERATIONS
1. OVERVIEW

An undulator consists of blocks in different positions in
IT IS EXREEY HARD TO MAKE A VERY

one period, each with the magnetiation in a different direc-
SHORT PERIOD (A FEW W UNDUIATOR I THE tion. In calculating the total field, the fields from the differ-

HALBACH CONFIGURATION. ent types of blocks have to be added. Fortunately. for

two-dimensional structures, only the field of one type of
OBJECTIVE OF THE WORK: Study different configu- block has to be explicitly calculated. Then, the fields of the

rations of ahort period undulats made of permanent mag- other blocks can be obtained with the use of translations and

ets in order to find the most convenient the rotation theorem.

2.1. ROTATION THEOREMSTEF-PS.

. First consier two imensional (rge width) Outside the magnets

* Find a convenient way to calculate the fields. In terms of the magnetization ;j

* Use of rotation theorem plus translations. we have

* Analye the beat alternatives for microundulators. - (x,)dx,

*Calculate finite width effects. 407) -- L, .

S-Bi, . 11' - B, -*- f dzdy,.(zy,)ln((z -z,)Z.(Cy y~ B-xi -,i

A simple calculation shows
Taking the dervatives the potential comes out d [ 0 -

d *-M, ' wI~od ,d Y

# Ze[-Lffdz'dY' dz. yz

4n (zzd*I[y5 
f dz 

Jd dyd(y~

A rotation of the magnetization by an angle 0 is
with described by
5i-M,.M , =t-z+iy. M --,V'-Me"

ba simila way the vct potential comes out and we have the ROTATION THEOREM:

A, - m[-!-fdZ dy ]. When M is rotated by 0, B" is also rotated by 0.

4~ Then B is rotated by -9.

It is the wenient to define 3. BASIC BLOCK CONFIGURATION

,dzdy' . Letuscalculate rs. thefields(orpotential)ofsimple
- - periodic block structures like the upper and lower rows in

As was done with the magnetization and coordinate, we Fig. 1. The source for the magnetic potential for the upper

andee te complex idtio row, in one period, is
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S. - V,.kf[6(y - -ii - g/2) - (y - g/2)) ir ("

So the extensded soure is given by the Fourier series It's useful to introdue

- f p~ C 5(ka ) - ! stn (nka /2)v~'~ 9 )
2nd rl

1-i ~j--~ (ka/2)cos~nkz) and write the comptea potentias

can be writte a where the OMn argument indicaMe the fint blockr a censtered

at a . white the agesod conesods to the magactenoon

If d fe' 5 2  
-betLa at tr/2 with the?2 ai.I &e uimtilar way the Potential

Onr the lower tow in F% I is obtained AS
xZ.? F. ( p coc(tk .g' ,)c:, t

T h oe atio te t F v p -ijx 2 / p +~ From these potentials for the bas c periodic block s wteu rea
Thenthepotetia isof Fig, 1, the potentials for several undulator artanenent

can he obtained.

4. HALBACH CONTIGURATION . ...... .2.lrntley

For the orthodox lba configuratioe of Fig. 2 we 5. MICROUNDULATORS

have, to add 8 Fo-vntitses (one for each block in cm The Vecrdtatore we are conseidering are mad, up

pew uth potential for each, one cane be sipl fronmeagnetized block, ,n whicht grooves have been

obtained from the basic potenils obtained in rte bant sec, macboned Let us consider the three structures sliwn in

don by rotation and lOrnsaaons The potential few the Figs 3-5.

tipper isw i) Mlii Conider the csctrse shoWn in Pt, U Uf the

blockit are, tan the z and a direeboan., the field isiede the

4 gap i eqat to the one produced by the blocks of FWg 3h&

*C.(nl4) The compten potential in

and a , Wiar expression for 1# -. The total conmplex poten-.Frtesres o ~ h ope

Dal for thse Halbrach coshglpraaion is ii) MU2. 3. Fo htutreof lip, .5teCMk

_____ C(nl4) Potentialis

nk ~ ~ ~ ~ ~ ~ n a-~sf r*n- cark)

From thin is easy to derive the perpendicutar field from whirlh the perpendicutar filtd comnes out to be

it k n t/

-nec -a)%n kzcs ny. F*- - I---- -- -- -- --EtO [El 10 1 1J~!I..

6. FD =rr WIDTH EFIFECrS I IFG2

The preeding antalvia is strietly vald in the limit of 5

ininty urudiLs Finite width eMt CIA he taken into acousns

by multiplying the mapn tic or by the Naisns w ih cjf~ ] Tb LFJ j )~ - - ---- - ---

iee inside the width aduerns ouside. Namely ------- --~ E_ Hab)

21jif q-ilf q-te a) j J

lnnudtienng rhos funewao into the souirce yields a finite width

metOn a fcor given by [][ [
II1 -a- Cos h 2nkx]------ -- .....

LII El b EH b
FIG 3. noG 4
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UNI1. In Search of a Meaningful Field Error Spec for Wigglers

B. Bobbs, G. Rakowsky, P. Kennedy, R. Cover and D. Slater
Rockwell International, Rocketdyne Division

6633 Canoga Avenue
Canoga Park, CA 91303

Wiggler field quality is often characterized by its RMS deviation from the ideal. This deviation,
however, is a poor predictor of actual system performance, particularly in light of the possibilities
for optimized error ordering. An alternative field quality characterizaton in terms of trajectory
wander and cumulative phase shake shows greatly improved correlation with performance.

WIGGLER FIELD ERROR CHARACTERIZATION FIELD ERRORS AFFECT PERFORMANCE INDIRECTLY
* CRITERIA FOR A USEFUL SPEC:RO mn

GOOD PREDICTOR OF PERFORMANCE

*STRAMGHT1ORWARD CALCULATION EETO RJCOYERR

SIDEPENDENT OF ALL OR MOST OPERATING PARAMETERSBEMWNR

*COMPUTATIONALLY allICK

*COPENSAE FOR STERN AND GAP TUNINGOO FOELPLWO PIA

* 11011 FELD ERROR SATISFIES ALL OF THESE ... EETO
91ZM THE FIRST ONE I

REDUCED OTCLOTU

TRAJECTORY MODEL PHASE SHAKE CALCULATION
*MODEL FIELD ERRORS BY A VARIATION 0SIUNE WAVE *COMPUTE DISTANCE TRAVELED BY or OVER ONE WIGGLE

AMPLITUDE FROM ONE X.12 INTERVAL TO NEXT:

S(s) - - 16 . 80 @K.21 fm '-148 LENGTH = L, owL

*INTEGRATE TWIE TO GET TRAJECTORY: 
( O UINA AYI N8

AMPITUE x.(I#&)V

- * SLIP IN PONDEROMOTIVE PHASE:

- -- -A 11) (L L (NO ERRORS)J

WANDER w4 me/' CUULtATIVE PHASE SLIP y

ER RCENSTON RO:TOR ERROR EXML

WHENFINEADAUSAMETE IKMD

WADR AOPNATIC-INAL SLTEING 102 0

REUEFNA ADERSI RETURN TO ZERO wP 0 UNCOPENATE

SOLVE CORPELSACONITN SE OFP VALUES IO N _______________

0
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1-D FEL SIMULATION CODE ERROR / PERFORMANCE CORRELATION

•400 RANDOM 84-PERIOD WIGGLERS
- COHERENT INTEGRATION OF OPTICAL EMISSION

ALONG WIGGLER

• EVALUATE ON-AXI QUANTTIES0

SPONTANEOUS EMISSION AT FIRST HARMONIC bi .'w ; . . .4.
< 0.6

.OPTICAL SMALL SIGNAL GAIN 04e 4. 4 4

z 0.4

" SCAN SPECTRUM FOR PEAK VALUES 0.o '
2

0
" FOR DETAILS SEE PAPER #P3.7 WEDNESDAY EVE 0 025 0.5 0.75 1 , so ico 150 200 250

(KENNEDY, of al) RMS FIELD ERROR RMS PHASE SHAKE
(% (DEG)

ERROR / PERFORMANCE CORRELATION 'FELOPT - FEL SIMULATION CODE

40 RANDOM "-PERIOD WIGGLERS SOPHISTICATED 3-0 SIMULATION

I A- 4.HEALISTIC ELECTRON DISTRIBUTION

0.8 4, • LORENTZ FORCE EQUATIONS FOR ELECTRON TRAJECTORIES<4, I 'S,

Z 06 ' KROLL4dORTON-ROSENBLUTH EQUATIONS OF MOTION
O< 4' 4444 |

0.4I PARAXIAL WAVE EQUATION FOR OPTICAL FIELD IN WIGGLER

02 W *. WIGGLER FIELD ERRORS ANALYZED USING KINCAID MODEL

0AS DEVELOPED BY ELLIOTT AND McVEY

0 0.25 0.5 0.75 1 0 50 100 150 200 250 - FOR DETAILS SEE PAPER M92.25 TUESDAY EVE (COVER. efa/)
RMS FIELD ERROR RMS PHASE SHAKE

(%) (DEG)

ERROR / PERFORMANCE CORRELATION ERROR / PERFORMANCE CORRELATION

RANDOM AND OPTIMIZED 160-PERIOD TAPERED WIGGLERS • RANDOM AND OPTIMIZED 160-PERIOD TAPERED WIGGLERS

4 4*41

W- 0,8 * , . - o .8s OPTIMIZED
H OPIE OPTIMIZED ,

i0 6 OPTIMIZED

b- 02 0.2
RANDOM RANDOM RANDOM

0 2 4 6 0 50 100 150 200 250 0 2 4 6 0 2 4 6
RMS FIELD ERROR RUS PHASE SHAKE RMS FIELD ERROR RMS BEAM WANDER

(%) (DEG) (%) (WIGGLE AMPLITUDES)
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UNI.5 Wiggler Brror Reduction Through Shia Tuning

S.C. Gottschalk, D.C. luimby, K.1. Robionson, J.11. Slater
Spectra Technology, Inc.

2765 Northup Way
Bellevue, Washington 98004-1405

A technique has been developed for reducing wiggler errors using shims placed
on wiggler magnets. The measured shin fields are used by an optimisation algorithm
to determine the shim thicknesses. The 15.5 kick errors were reduced from 1.3% to
0.11% on a 50-ca test fixture. FIELD SHIMMING CONCEPT

OVERVIEW Thin from Shims Pklad Directly onMagnets PL

Raecas local field gano"l up to 1% m
*Discuss Shims Placed Magnets With Uniform Dipole Shn I I oa twn

- Algorithm SeON Posiioing immediately cbangmag" {. 4
- Show results demtonstrating correction to 0.1% from 1.3%

" Propose Placing Shims on Poles Instead of on Magnets ShiNmming is Peerali Pak/Maie" SePluig

- No need for external dipole No moemn of uhagh -mPs Wtes merqi

- Shim by "inspection" withouit computer
SHIM FIELD SIGNATURE

" Discuss Transverse Dipole Shimming *Signature of 0.089 cm Thick Shim

" Derive Higher Order Moment Shimming Method POLE PMz

I-S .520 14

*Measurements Show Simple Calibration of Shim Effect

-Linear response with thikness

-Additive with neighboring shim fiels

SHIMMING ALGORITHM

SHIMMING PROCEDURE Fil is Aditonof Effects oANShims + Constant Steering. ~to

" Measure Shim Field Signature Spta Frqec of CoShimeld iiAllwtme x2Itgaleob Cretd

" Pre-Load Wiggler with Nominal Thickness Shims U .I.. 1+

(e.g.. 0.015) %% -J-z + di w
(h11s,

* Measure Wiggler Field -

* Use Optimizer to Find Shim Thicknesses -i i j111 -

* Install Shims -S iWNs I S
K

* Re-Measure I') - 2 41

*Method is Totafly Generai. Amy Target Function 1(w)

* Repeat Thickness Calculation. if Needed can be Minimized.
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STI SHIMMING DEMONSTRATES IMPROVED SHIMMING ON NISUS
LOWEST WIGGLER ERRORS

Predicted and Measured Shim Fields Agree to 0.09%. No Need to Iterate.

100 Ak Shimmffing l 1 iv .~
Shim Reduces Gap Sensitivity of Field Errors

Y -10- *- -Stffirti- -I

__w_ Initial Kick Error *1 3%
Stuimmed Kik Error - 0.1%

HAL 1 -T -M BE I 1 0 1 80

200 6.00 1.0 10 80

POLE SHIMS ELIMINATE NEED TRANSVERSE DIPOLE CAN BE
FOR EXTERNAL DIPOLE CORRECTED WITH SHIMS

Pole Shims Adjust Local Gap *Transverse Errors can be as Large as Main Field Errors

Method Uses Wedges to Affect a Local Rotation of Coordinator System

7-ioo~ S -04u

MeasurSed Signtur Function A

is Very Narrow

Large effect. 0.3%/mil. na-

under pole Xf-

Sidelobes < 10% to 10

0 * Net Transverse Dipole With Pole Shims

-4 -2 0 a 4 No Net Transverse Dipole With Magnet Sh~ms
A'1. P..kN, iwMi

Should be Able to Get to < 0.1% Error Without Computer.
Better Still With a Computer

HIGHER ORDER MOMENT SHIMMING CONCLUSIONS

Illustrate With ,extupole. Shims on Poles (Magnet case same principle)

a. x 8.=(,,2y2)Shims on Magnets Have Demonstrated 0.1% Capability

*Shims on Poles Should Work as Well Without Need for External Corrector

- .I,1 Long Correlation Length Errors Requires Tighter Control

-Modify function being minimized

sk. SN. od..
l.."ioN~ 1 /I *Transverse Dipole Errors can be Corrected With Shims

Method Found to Correct Higher Order Moment Errors as Well

0P=13 kpl colaft r 3
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UNI.6 Dispersion Interference in the
Pulsed Wire Measurement Method

0. Shahal
N.R.C.- Negev, P.O.Box 9001, Beer-Sheva, Israel

B.V. Elkonin and J.S. Sokolowski
Dept. of Nuclear Physics, The Weizmann Institute of Science, Rehovot, Israel

Abstract
The magnetic profile of the wiggler to be used in the planned Weizmann Institute

FEL has been measured using the pulsed wire method. The main transverse deflec-
tion pattern caused by an electrical current pulse in a wire placed along the wiggler
was sometimes accompanied by minor faster and slower parasitic components. These
components interfered with the main profile, resulting in distorted mapping of the
wiggler magnetic field. Their periodical structure being very close to the main pat-
tern could not be easily resolved by applying a numerical Fourier transform. A strong
correlation between the wire tension and the amplitude of the parasitic patterns was
found. Significant damping of these oscillations was achieved by applying high enough
tension to the wire (close to the yield point), allowing to disregard their contribution
to the measurement accuracy.

Introduction
The pulsed wire magnetic profile measurements method which was first proposed

by R.W. Warren [1] was applied for testing and adjustment of the TRW/Stanford
wiggler [2]. This method enables measurements and adjustments of the magnetic pro-
file in situ, it is very convenient for the conventional wigglers tests and becomes a real
must for mapping of the electromagnetic pulsed wigglers.

The Experimental Setup
The measuring setup was designed in such a way that it would allow for finding

the best conditions for mapping and adjusting of the magnetic fields of our wiggler
and also to enable us to investigate the behaviour of the system. The wiggler was
75 cm long, Halbach type (17xAw, Aw = 4.4cm). In order to be able to observe the
faster and slower components of the wire deflections we have chosen to use a 2.3 m
long wire. Some measurements were performed with 5-wavelength wiggler or even 1-
wavelength, in order to distinguish between the main pattern and the parasitic com-
ponents.

The detection system used was similar to the one decribed in ref. [1,2].

Results and Discussion
During the preparation and testing of the system for measuring and mapping of

the wiggler magnetic field profile, we have encountered small amplitude oscillations
which accompanied the main signal, quite often even quite distant from it. Thus, had
we have used a short wire most probably we would not have realized the presence of
these perturbations at all (see fig. 1).

The physical interpretation of these fast oscillations is not yet completely clear to
us - we hope to reach full understanding of it after completion of these investigations.
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Fig. 1. The main full wiggler pattern (17 A,)

a) with its interference at b) with its interference at

1.6 x 103 kg/cm 2 wire tension; 3.1 X 103 kg/cm2 wire tension.
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o 1 2 3 '1 5 6 7 8 9 [,,s- 1 0 1 2 3 4 51 .. ,.,?.

Fig. 3. The 1A pattern with interference Fig. 4. The 5A, main pattern at

at wire tension of 4.7 x 103 kg/cni 2 . 10.8 x 103 kg/cm 2 wire tension.

The perturbation pattern seems to be
rather continuous and does not resemble the basic main signal. This can be seen

I clearly in fig. 3.

Figure 4 (wire tensioll 10.Sx 103 kg/cm2 shows that by increase of the wire ten-
sion one can decrease the amplitude of the parasitic signals vry sigiificaitly.

Conclusions
In Sp1 it.e of the perturbationh described above this method is capable to give reli-

able, reproducible and accurate results. The necessary condition for this is relatively
high tension of the wire (80% or more of the yield point for Be-Cu wire).
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PR2.2 Status and Research Objectives of the Dutch Free Eiectron Laser for Infrared Experiments

P. W. van Amersfoort, R. W. B. Best, R. van Buuren, P. F. M. Delmee, B. Faatz,

C. A. J. van der Geer, D. A. Jaroszynski, P. Manintveld, W. J. Mastop,

B. J. H. Meddens, A. F. G. van der Meer, D. Oepts, J. Pluygers, and M.J. van der Wiel

FOM-Institute for Plasma Physics 'Rijnhuizen, Association EURATOM-FOM,

Edisonbaan 14,3439 MN Nieuwegein, The Netherlands, Tel. 3402-31224

We review the status and research objectives of the Free Electron Laser for Infrared Experiments (FELIX), which will be

operated as a users facility for the far-infrared and microwave spectral regions. The spectral region between 8 and 80 Pm will

be covered in the first stage of the project.

The accelerator for FEIX consists of a triode gun, a prebuncher, a travelling-wave buncher, and two

travelling-wave linac sections. The beam can be bent into undulators at two locations: after the first (15-25

MeV) and after the second linac (25-45 MeV), see Fig. 1. In principle, two undulators can be placed at
each location. By installing undulators with different periods this will, eventually, permit coverage of the

wavelength range from 3 to roughly 300 .m. Tuning will be achieved by varying the undulator gap

width, rather than by varying the beam energy, so as to fulfil our first research objective, rapid tunability.
We note that varying the energy would involve manipulation of a large number of bending and focusing

elements.

<:300--
230

61

LINAC 01 2 3 LINAC

45* 5 200

6 8 82 UK-FEL UNDULATOR

6 8 2 UK-FEL UNDULATOR
- e6 -..346 -250 , 1eo

Figure 1. Basic layout of FELIX. Dimensions are in cm. In Stage I of the project, two sections of the UK-FEL undulator

will be placed behind the first accelerating structure, and two sections will be placed behind the second structure.

These cover the wavelength range from 5-30 and 17-80 jIm, respectively.

The design parameters for our accelarator are summarized in Table 1. The duration of the electron

bunches emerging from the linac will be roughly 3 ps and thus, the duration of the optical pulse length
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Table 1. Basic parameters for FELIX, Stage I.

y 30-90 - Lorentz factor
) S  5-80 li EM wavelength
Au  65 mm Undulator period
B < 4400 G Peak undulator field on axis
N 38 - Number of undulator periods
K < 1.9 Undulator strength
Lu  247 cm Undulator length
Q 194 pC Charge per microbunch
I 70 A Peak current
i 0.2 A Average current during macropulse

3 ps Micropulse length
1 GHz Micropulse repetition frequency

tm 20 Ps Macropulse length
fm 10 Hz Macropulse repetition frequency
R_ 1 mm Rms electron beam radius

AZ 2 mm Rms microbunch length

ge 0.35 % Energy spread
En 50 ic mm mrad Normalized rms emittance

will also be in the ps-range. This fulfils our second objective, the production of short pulses of JR

radiation. These have application in studies of lifetimes and relaxation phenomena. Simulations have

shown that, by desynchronising the electron bunches and the optical pulses, the pulse length can be

varied over nearly an order of magnitude.

Our third research objective is to obtain narrow-band radiation. This will be achieved via phase
locking of the micropulses by means of an intracavity etalon, combined with external selection of a

single cavity mode. This technique is only effective when there are a large number of circulating

pulses in the cavity. For our microbunch repetition rate of 1 GHz, achieved by modulating the grid

voltage of the electron gun, there are 40 circulating pulses.

During the past half year we have made an inquiry among potential users of FELIX, with the aim

of collecting research proposals and making an inventory of user requirements. So far, fourteen

proposals have been received, twelve on physics and two on chemistry. The proposals can be crudely

categorized in (1) spectroscopy of adsorbed species, (2) semiconductor spectroscopy (3) reactive

collisions in molecular beams, (4) ablation of biological material, and (5) FEL physics.

The status of the main components is as follows. Delivery of the electron gun (Hermosa

Electronics), the bunching system (Interatom) and the accelerating sections (CGR-MeV) is expected

in the fall of 1989. The 20-MW klystron (Thomson-CSF) powering the buncher and the accelerating

sections has been delivered. The UK-FEL undulator has been shipped from East-Kilbride to

Daresbury where it is being overhauled. The vault in which FELIX is to be placed is under

construction and will be available by December 1989. Prior to that date, performai..,e tests of the

electron gun and the prebuncher will be done in the existing building.
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PR2.3 A micnowlc-cmFut FR FF-mE,rRON LASER

AT TIE Jn?.OOKIIAVFN

ACCELERATOR TEST FACILITY

KC. fntelvelorv 1. lenZvl, Ff. Ferivow, .1. Crnllnrcda,

11. Khrk, c. relitegr;.I, A. vnn Steemuheugen

llro.,llpav';u N at imirl -M ... t nto~ry
tU;~,n, Nc'v Y-~k 11973

andl

A. Illuowivalk

Rlockwell Inteytuati-nl /flnrkettlyne Divinion
033 Cn.'n,, A wenisr, MS/FA40

Canomn rouk, CA 01303

ABSTRlACT

We frpo the tleaign Roil ittni of an FLcprreta h lokae

National LaoanyArredermor Trtt Facility. A SOMoV high brightness

,.rprtrn Ihevon wvill he iilirred for an nacillator erperiment in the visile

wavelength rrinn. The nuirrowriggler to lue uuaed im a supefferric planair

inldiatot with aO Fi tin period, fiflen length vind K - 0.35. The uridea

rarity It at 3ORCM ling Rttltle Te*Onfttor With broadt~banid dielectric Cated

unirtota.

BNL A~rF EXPERIMENTS

*50 hMcV ee.rol Iinnc.. * Mensure F EL performance.

*Laser phuotocathode rr elrttrrn gin. * Wide lbmfld ttinability.

P Ieak current 100A, 6p-t jItle width. * (1,hirping for pulse compresion.

E 0 mm tuu mrd. * Shorter waveuutgth (higher energy /shorter Alv).

*Energy spread 3 10 ~.* Tapered unicrowiggler.

c e lltich separation 12.5im. * Optical klystron.
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Numerical Treatment Of Electron TrajectoryP2.1 Straightener Issues In Free-Electron Lasers

D.C. Quimby
Spectra Technology, Inc.
Bellevue, Washington

C.J. Elliott
Los Alamos National Laboratory

Los Alamos, New Mexico

Requirements for e-beam trajectory alignment are examined for short-
wavelength, high-efficiency FELs. Three-dimensional modeling is used to examine
the sensitivity to e-beam wander resulting from wiggler field errors and
inaccuracies in trajectory correction schemes. The performance of various
geometric arrangements of trajectory diagnostics and correction coils is compared.

INTRODUCTION NISUS UNDULATOR HAS DIFFERENT
GEOMETRIC ARRANGEMENT FOR E-BEAM

TRAJECTORY STRAIGHTENERS

Coklnl ntoHUNOER-type

* Intra-Undulator E-Beam Position Diagnostics and Steering
Coils are Often Required to Correct Trajectory Wander

* Examine Tradeoffs in Required Level of Undulator Field Errors
and the Accuracy and Number of Trajectory Straighteners

AmjroMnW o. -dUS.pe
" Compare Performance of Various Geometric Arrangements

I I _____ I

STRATEGY DEVELOPED FOR DAMPING ANGLE SEVERAL METHODS FOR ESTIMATING
ERRORS IN ALTERNATING CONFIGURATION E-BEAM POSITION AT NEXT COILHAVE BEEN EXAMINED

SFORCIN SEAM ON-AXIS AT EACH 8PM .OES HOT DAMP AXOI.E E.80-5

.() EXTRAPOLATIN (Wl WITERI AT

SINO Cato.

* A4.LE 3I800 OAMPEO Y IMAGNG SEAM ONTO AXIS AT NEXT STEEAING COL
0 Interpolation Gives Reasonable Cotrection for Range of

i...~IIIPossible Steering Errors
C= -1 0 - - I I To Date Have Only CGosl red Simple Scheme- Not Requiring

I= Computer Optimization

This work was support in part by the U.S. Army Strategic Defense Command

through Boeing Aerospace contracts HB1260 and HD4785.
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MULTIPLE ITERATIONS MAY BE USEFUL OPTIMUM NUMBER OF ITERATIONS
I- T." (3n S- .1 At (fl DEPENDS ON WHETHER FIELD ERRORS

e-- : )OR 6PM ERRORS DOMINATE
000 0 000 1) )020

FIXED OPTICAL VIIVLENGTH F-0N1. ahSe
1.8 W%.. arm E.: W.. I.

'C-.1' Tb. Fk191,. Tral..y

e- o.5 At 0 0tWO At oft ft .4W 0... T-.d 0-mr.

C 0 0D (7 0 sAt"S0las..t~~

01 2 3 5

NO. OF ITERATIONS

NISUS-TYPE GEOMETRY LESS SENSITIVE TO CONTOUR PLOT OF EXTRACTION ASSUMING
6PM ERRORS BEST POSSIBLE STRATEGY USED

IN EACH REGIME

2.00C-

NISUS CONFIUSRK. ON 1.00

-~1.50 -. y a Curves Based on One Sample 16 PM AVILBLJ Random Distribution of BsAVIAL
.* Errors ;0.75-

11.00- CONFIGIUVATIOPI
a Error Bars Denote One

Standard Deviation for 8 50.50-
Trial Random Distributions

-JL
S0.50

ie scemoss

00 0.05 0.10~ 0.15 0.20 00 1 1 2
RMS 9PM ERROR (mm) 01 0.0 m.1m 02

OPTION MAP SHOWS WHICH STRATEGY CONCLUSIONS
WORKS BEST DEPENDING ON LEVEL
OF FIELD ERRORS AND BPM ERRORS

too, III Alternating BPM/Corrector Geometry has Reduced Sensitivity
0 ~. to BPM Errors

-os .m.. a Undamped Angle Errors Can Be Readily Avoided

III* Applicability of Model Has Been Illustrated by Quantifying the
~ ~ . ~.Required Number and Accuracy of E-beam Trajectoryo o 0t 6 15 0 2 Diagnostics in the NISUS System

a When Field Errors are Small, the Impact of BPM Errors may
be Reduced by Deactivating Every Other BPM
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P2.3 The Hybrid Undulator for the NIST-NRL Free-Electron Laser

Ronald G. Johnson, David L. Mohr, and Mark A. Wilson
National Institute of Standards and Technology

Gaithersburg, MD 20899

Samuel Penner
10500 Pine Haven Terrace

Rockville, MD 20852

Francis C. Younger, Brian Ng, and Kenneth M. Thomas
Brobeck Division, Maxwell Laboratories, Inc.

1235 Tenth Street
Berkeley, CA 94710

The NIST-NRL FEL will use a 3.64-m hybrid undulator that is being constructed
at Brobeck Division of Maxwell Laboratories. Constructed of SmCo magnets and
vanadium permendur pole pieces, the undulator has a period of 2.8 cm, a variable
gap with a 1.0-cm minimum, and a peak magnetic field of 0.54 T.

Supported by the US SDIO through ONR Contract No. N00014-87-F-0066.

Undulator Design Magnetic Design

" Hybrid undulator (SmCo permanent magnets; • Dimensions of magnets and poles determined by the two-
vanadium permendur poles) dimensional code POISSON. (Dimensions shown in Table 1)

- Dimensions re-calculated using a three-dimensional
" Number of periods - 130 code. (Slightly smaller dimensions meet specifications)

P Full-scale. one-period models constructed and tested.Period length - 2.8 cm (confirms calculations)

" Total length - 3.64 m - Conservative design selected. (Provides greater margin.
especially for the peak field)

" Maximum magnetic field - 0.54 T • Model test results shown in Table 2 and Figure 1.

" Minimum gap - 1.0 cm - Steps undertaken to control magnetic field errors.

1. Stringent magnetic and mechanical tolerances on
" Vacuum chamber aperture - 0.86 cm (vertical) permanent magnet blocks.

1.6 cm (horizontal) 2. Error minimization by sorting magnet blocks.3. Limiting deflections of the magnetic structure.
4. Tight mechanical tolerances on pole pieces and

" Operation in full or half-length mode holders.

Table 1. Parameters and dimensions of Table 2. Specifications for the undulator
the magnetic design. magnetic field and model results.

---------------------------------- -----------------------------------------
Peak field (T) 0.54 Specifications Model Results
M inim um gap (m m ) 10.0 ........................................
Period (mm) 28.0 Peak Field fkG) 5.4 5.65
Pole width, Wp (mm) 5.0 Maximum 3rd harmonic 10% 3.2%
Pole height, Hp (mm) 33.0 5th harmonic - 0.5%
Pole length, Lp (mm) 50.0 7th harmonic - 0.2%
Magnet width, Wm (mm) 9.0 Limit on transverse field 0.5% 0.3%
Magnet height, Hm (mm) 40.0 variation (central 1.0 cm)
Magnet length*, Lm (mm) 60.0 RMS error (G) 27 -
------------------------------.-...------ Vertical field integral 23

error (G-cm)
Permanent magnets are formed from Horizontal field integral 23
two blocks each 30 mm in length. error (0-cm)

-----------------------------------------
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0.5 (a) 0 ;.o..9-i...J 0--0 1.4c.

0.3 1WP

V 0.2 1.00 s. 11.2 c

. 0.1 FOR MRCHINING
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*-0.2 62c
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....

-0.5a

-0.6- \\A
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Distance - z (cm) POLE PIECE-

0.50
0.55 L,

'- 0.50 (b)
0.45 Fig. 3 Half-period magnet assembly.

_ 0.40

*0.35,
0.5 Mechanical Design

.__ 0.25

;0.20
0 .15 * Detailed mechanical structure Is shown In Figure 2.

o 0 1^
0.*; 1. Sub-base
0.05 2. Half-length base
0.00 3. C-frame

-5 -4 -3 -2 -1 0 1 2 3 4 5 4. Steel I-beam

Distance - x (cm) 5. Magnet assemblies
6. Gap adjustment mechanism
7. Air spring
8. Gap opening sensor

Fig. 1 Test results for the full-scale, one-period model of 9. Vacuum chamber
the magnetic structure. (a) Magnetic field along the
axis. (b) Magnetic field transverse to the axis. * A half-period mAgnet assembly is shown In Figure j.

T .-, _--- L IT- , i

. ~ ~ ~ W in, .... .

- _ _ _ - -J

K9-

- .
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Fig. 2 Detailed mechanical structure of the undulator.
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P2.4 INEX Simulations of the Los Alamos H/BA F
Free-Electron Laser MOPA Experiment

John C. Goldstein, Bruce E. Ccrls ten, and Brian D. McVey

Group X-l, MS E531
Los A/amos National Laboratory

Los A/amos, NM 8 7545
U. S. A.

We present results of Integrated Numerical Experiment (INEX) simulations of the performance
of a 1-in oscillator cbiving a 2-in Rocketdyne amplifier for the new H/BA F (High Brightness
Accelerator Free-Electron Laser) facility at Los Alamos. INEX simulations utilize a numeri-
cally -generated electron micropulse. from ISIS/PARMELA calculations of the photoinjectori
linac/beam transport system in the 3-D FEL simulation code FEL EX.

O~dtWAI~fl.INEX simulations of free-elechmo laser periancm.

TheIIAF phowoinjectorflinackctonbeanbaosi~ system wadesigned with
the code PARMELA whici waa used to simulate: tie perfotinassee oldie "ntim

" A new fie"Ihctro lawe facility. called I4IBAF for jfjh ligitneaa A=ceh Maoo free- beamlmne.
Electon Laer. Ia bein constructed at Los Alamos. *INEX simulations use the nunierically-generse election-bean miesopulthe fron

" IIIAF will consist of a40 Mrs if-tinac with a rhtcadhode 0injector a I -mwiggler PARMELA in the 3-D FEL simulation code FELEX to study tie pelrmnnace ofdie
FEL oscilaor, and a 2-in-wiggler PEL amplifier. The amplifier wiggler ia being FEL MOPA system. In particular. the electron nuesopulse isa ppgag d by
oI 'ucted. mid will be stapplied to LAB Alamnos. by Rocketdyiie. PARMELA up totdie entrance of thle cacillasor's I-sn wiggler wlere it is aFam Mt

711iplilitp - esubol'!lp ELEX so be used in oseciltor performance siulations.

dielpua nce of dt HIBAF Masther Qscilastor Eower Amplifier (MOPA) FEZ. We Iase exteisndie w0EX nIdI to ichude wethafti e souolse to
systes . INEX onhshists of uwing the electron micuophulse. generated fromn simulation of PARMELA aftera seady-stat .radie in die FEL.EX oscillais Siiaation. The
die a11caleaseste with die Code PARMELA. in the FEZ. sinmulation code FEME Micropulse typically has been changed (die energy spread has been incressed) due to
to C*alcde Ise a 0u its intetuction with light in the oscillator. PARMEtA is used to g aqtei

micropulse through the 150-degree bend magne" and focus it inso die 2-n, Rockeaylve
wiggler. 7Te electron pulse is then handed back to FELEX to simulate ts.
perfomnance of the FEZ. amplifier.

Los Alamos Losg Alamos

INEX modeig of HIBAF HIBAF FEL Components.

The optical resonator is dletigned for an optical wvelengh a( 3 psi. ft will consaist or

SMOMN WAMtwo CaP 2 mirrors or radii of curvature 01 3 and 4 meters sepaae by about 6.93 mi.

Each mirror has a maximum reflectivity of abow 99 % at 3 tmm. Thve kmosaoder
-. Gaussian mode has a Rayleigh range of 37 cm and is focused at the censt of the

wiggler. Relay optics will transport the light frm the oscillator to the aniplifier.

/ TheW wiggler used in the oscillator will be I-ni long. Two possible choice are
cotepatd Alautqe wiggler with Itw - 3214 Gauss X, -2.73 an. Omn

CIAIIIWPWOexWsig a. -O.IU and O (2) a30% W kbl~allg-opered (in k) OWNgir

UssoThe 2-in amPlIfIer w11181er will be -t r ucEd d sailplied by ftocdsdylve ft wil have
a fixed wavelength of X.- 2.4 cot but will hase a vasal gap to ad)us oie Magietic

WO eld strengdt. Al anO pRedwglr a MW gap of showt I clt will g c
magnetic field slienhgth of flw-458.7 Gass. tusgivingawa I.,nswiglercanbe

PARMFJA lnearly tapered in B. by opening up the gap at the exit end; mohre complicated tapers

such as a parabolic taper, an not possible with this device.

Los Alamos Lom Alamos
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The sensitivity of amplifier performance to the oscillator4nduced
energy spread depends upon the wiggler configuration. Controlling the oscillator operating power level.

Thie calculated maximum small-jignal gain of the oscillator with the uniform wiggler
is about 550 %. Since the cavity lossei are expected to be only about 2 %. this device

For he -rnRotetdstewigger n a unapeed onfguraion wehav fond hatwill saturate atla very high optical intensity and induce an unacceptably Imp energy
the tinall-signal gain decrease& by about a factor of two for an increse by a factor ofalrdonteectnbem
two (firoso 0.25 % to 0.5 %) of energy spread. The oscillator can be operated at low power by (a) reducing the unall-sigiad pain NOd

*For the 2m Rockeklyne wiggler witha 6 %toper in B.,we have found that, with ant (bi) increasing the cavity losses.

Incident optical poer of 9.2 MW. the amtplif'ieras pin ands extaction efficency drpA comibinattoti of methods can be used to cotroil the oscillator
by slhot a factor of two when the electruti-beast energy spread increases by a facOr (1) Thme gain am he teducedi by:

of fur (iron 0.5 %to I%).(a) defocualn the election -bean in tue wiggler.
*Hence, the oscillator must be operate so as to increase the original elecou-beaui()uigaLto ain otn h ae aelnt vrdegi ue

energy sparead by about a factor of 2 to 6 (up to about 0.5% to 1.5 %). Thi Clearly(busnaUtcgtigotmeheI=wvlghoert PnCW
limits the power of the oscillator to quite low values. and it is haid to dive even a very (c) adjusting the cavity length for operation on the wing length tUnig cuss
modestly tapered wiggler to design performance with such meager inputt. This is
particularly true since the Rockedyme wiggler can only be inearly tapered. Nose als (2) 11wh cavity losses can be increased by adjusting the election-bean einrgy sdim
that the toleranices estimated for allowable induced energy spread depend upo the th reonr wavelemgt falls in the Lower refectivity (higher tranimisason) region of
shape of the induced energy spread; that is. the effect of increasing the ntis energy the mirrors.
spread by a factor of four wilt differ for distribuitions of different shape having the (3) A combination of all of thes melbods can he used to poouce stable oscilltor
same mis spread. operation atllow power.

Lost Alatmos Los Alamos

Electron micropulse characteristics from PARMWELA simulation. INEX results for the oscillator with a defocused electn beam.

no~ 00-

-1 0.0 ass 4 -. 0 a-.

-N4 a- .1w- A -, b U

IN X reslt for ao high powe oscllto using -t.e I 5.0IN

* orab oin lytaee wige an th electron mirp e frmSu m ryadcocusos

PA R EL r pe t at h d ot e i g er ewF L aiit a edH BA sben uita o a l m s m n h oow
30.0- ~ A O- 9 i nsoexeietplneamSMPstdewihalwpw oclskrdI

P~bb I\ Pk wi 1.0~ o 2-mOni amlfe wiggletbe suplid b Roktye Hg-0oe ositsrepi

Los0 Athe osilatr' wiglraokspomsig

10.E .reu0 for aaf stgu-piwe oscllto pesingnc toe HI-rn 3sin MUn aeetne
paablaly-apre wigglerd andage the electron micropulses betumawan cnluin.eaclaotsmlto

proerl matched toi the wiggler.ncoeFLE orte AOP
los- .. s'cosJ ,- 1Uro~ kitdi f" speiitios pshwthad very SA argA studisihalw-o oclal o pin aMk I
,0-0. -0.6 -0. -0vs 22.-.2rso bn te2r oly amplifier wiggler ifbsuol ity ckisdynaefe ighwe odlsest peri(iti)

~ as- arpals plnnd &b ll of wthe. %~ wxrcil oeratce a n sotul wepssblet ofn Stein.

~~~~~~~~~~~~~~~~~fo t- ehve studioed vrosimtodso prtn.h silto tlwpwra ntt

A .thg-e oscillator ig eeos p rigsing. radsoudb be6Dai 0
119siuato hd4 a cvtylss* ue te=ie ercnenrctomo ower Lewi stdedie perfoymane of xiBA sing efficind wihv atsd NE -Mtorbl

awiso asl thin ofM abouttons I withl0.6%teberactsonlefsociiecyptiould betpossibleapered wiegler.

on the mursoin wilt he exced:d hence, a more complicated ring resonato will tie requsired
for higli-piwer ascillintr experims in HIIIAF.

Los Alamos LsAao
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P2.5AdvacedBeam Profile and Position Diagnostic in the
P2.5 AvancedTest Accelerator (ATA) PALADIN FEL Experiment"

Y. P. Chong, P. Lee,t T. J. Orzechowski, J. L. Miller, and J. T. Weir

Lawrence Livermore National Laboratory
University of California, Livermore, California 94550

Performance of a free-electron laser is strongly dependent on the beam trajectory thiough the wiggler. A
mismatched beam undergoing betatron oscillation through the wiggler results in reduced optical signal from the
FEL. In order to monitor the electron beam in the PALADIN wiggler, we have designed an optical viewing probe
to intercept the electron beam along its trajectory through the wiggler. Because access to the beam tube is severely
restricted by the wiggler magnet poles, special care is required to produce a compact probe which does not perturb
the wiggler magnet.

The 45-MeV electron beam, in the PALADIN wiggler, has a betatron wavelength of about 9 m. In order to
measure the beam trajectory as carefully as possible anrl to help match the beam into the wiggler, we placed the
probes every 1 to 1.5 m along the length of the 25-in-long wiggler. Thus, we had about six probes per betatron
wavelength. We have observed both m = 1 and m = 2 oscillations of the electron beam.

*Work performed under the auspices of the US Department of Energy by the Lawrence Livermore National
Laboratory under W-7405-ENG-48.
t General Atomics, San Diego, CA

PALADIN Wiggler Diagnostics - "Pop-In Probe" L3 PALADIN wWW op!!!al on"s of sight q

Coil assembly M o-npb --
/ ~assembly igf

%4

Vacuum po, Trgeat holder BlosRtati,

Graphite target Window. Posotrn

Dual LOS arrangement with dual detectors - Beam transport through the wiggler is
streak and gated TV camera 0 consistent with transport design

Streak ~ Gated TV camera TMe PALADIN wigglar Is designed Io gine equ f..uablg
C80W ~ - Aigu~e,, laer i the Vericl end hodionid dhiiro .o YAMi

Relay len; 2B-
Field lens-

4-port coupler -- Telepticto Ions w~ e- nryo 5 ~ .W~dalge

field of Ie kOIt, we expect a betdan IIo
w 10 m. We luve mneeeaed a' erIe ofeleih

-Insert during alignment 8.3 to 9111.

-dad housing

view port
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Average vertical beam position through wiggler U Average horizontal beam position through wiggler i
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P2.7

"PAPA - A Particle Tracing Code in PASCAL"
EltJo H. Haselhoff

Gerard J. Ernst

Nederlands Centrum voor Laser Research

P.O. Box 2662

7500 CR Enschede

The Netherlands

Introduction

PAPA is a new PArticle tracing code in PAscal, developed at NCLR,

the Dutch Center for Laser Research.

Keywords for the PAPA program are:

o Modern, Clear and Consistent Programming Style

o Accessibility for other users

o Modular Setup - Flexibility

o Ease in use
o Good Documentation

o PASCAL Compatibility

The current version of PAPA offers a solid base for a new, modern

and convenient particle tracing code, to be used for simulations

of ll kinds of linear accelerator applications, Indludig photo

cathode Injectors. It is intended to be a public domain code.

Program Setup and Structure

Figure 1 shows a schematic picture of the program's hierarchy.

To achieve a good compatibility of the PASCAL source, we only used , , - -..

standard Pascal statements. This approach unfortunately cancels , , ,, .m W,,

much of the power and charm of modern compilers. The action taken Z " , ., #7']

by PAPA is therefore restricted to the creation of an ASCII output ' wu-"

file, which can be processed by arbitrary other routines.

Currently we do the graphics on an IBM PC, using fast and '

covenient routines we wrote in Turbo Pascal. In the future we to W.0 MA Figure 1. A sliple
scdch of PAPA "s

will probably also create C-versions in a UNIX environment, for .. .
is. aeId Aae'u'y.

use on a DECStatioo 3100. A fancy option is the creation of a

red /reen picture, which allows the user to see a stereoscopic

3D-viw of the particle dynamics.
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An Illustraitiont

Mathematical Model
tt'lcsi: plois sh. . l ypicit res.ll of a I A 1153V 1jisc hwhd is

In tbc PAPA code. an electron pulse is represented by a limited twiscl(ed bya 40 M0111 I; cell

number of uniformly charged. rigid but transparent clouds, called ,,j 0-2

nuels ('macro electron'). They have a spherical shape in the lab 0 id le: mes

eollasla prble', incetherepeusgfores btwen thmSrduc their . w-oo s'at

frame. Mels appeared to be a succesful solution to the 'particle I :i-coordinate /m/( vs.

to zero when they approach each other closely, ace figure 2. T7heir I-I a ire
posiiis 0lo-g the

radius is recalculated continuously, to prevent a limitation of _________________ Optical axi.

the force Interactions. -Ls

The equations of motion of ,r mels can be written as a set of &4' L.3

first order DE's, which is solved in this general form, by either '.5

an Euler or a 4th order Ransge Kwta routine. PAPA simulations0.

showed that using the Runge Kutta routine in stead of the Euler 0.7 meli' energy (eP7 vs.

routine allows a More than forty times larger step size, which _______________ -coordnate (ml].

results in a more than ten times faster speed, compared to many 00

other particle tracing codes. The modular setup of PAPA allows L0
0,0

very easy addition of other numerical routines,

0.40 
Curn r-p A

a.,20 - .1mg die Pulse. for

1.00-

Figure 2. Thick 0.30

line: repelling

force (aa.uJ between 0.00

tw charged spheres. _______________1__1,6_

Thin line: PAPA 0.0 0.2 a.0

Other Options

Accessibility The PAPA source code is well comnmented. Contnued runs Each cluster in the PAPA output file can

Comments refer directly to the separate documentation, easily serve as input for a continued ran. 'This allows efficient

Input File Translation PAPA can translate the code in the and flexible simulations.

input file into a detailed hardware description in plain English Step Size Reduction A step size reduction happens

on the computer screen. A useful help, which reduces errors, automatically as soon as one of the mcla finds itself inside an RF

Cathodes Optionally, all forces on the mels; are ignored as cavity. 7he amount of reduction is specified by the user.

long as their z-coordinate is smaller than zero. This allows the Easy Cell Field Input PAPA needs no information about the

aimulation of electrons emerging from a cathode surface, If the number of 'rows' and 'colums' in cell field files, since it finds

Cell field files are filled with the electrostatic field this out by itself. The cell fields can be mapped on the screen.

distribution of a cathode-grid-anoide configuration, PAPA could Output The format of the output file makes it both suited

also be used as a sort of thermlonic electron gun simulator, as a hard copy for direct reference, and as a plot file for

Including pulse effeets. graphsic routines.
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P2.1 0 Higher-Power Free-Electron Lasers

Shayne Johnston
Jackson State University
Jackson, Mississippi

The dominant process is spontaneous emission, enhanced by prebunching on a
length scale short compared with the wavelength, and sustained by a strong axial
electric field. Generally speaking, the potential for very high power levels
is achieved at the expense of phase coherence relative to the conventional free-
electron laser.

C*An4e.4;.uI
FeL SO^A%4vo*& -elpist.on r&Ais4;oO% source

1S .+" IL Wsr, f

?kiz FJ; m- 14W
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~ (~),{ ~(ces+.e) few la, L.

FUPAical FEL Se;re*4;, Wiasce.

Pt 4 •cces i-tw e . L fAe

se WC IS SKoWok 
G Mae28

livi 0; 4GS tA66P '.6. IOW&A.

i. Au *%I
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Act
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P2.11 Status and Design of the NRL IREC Maser Experiment

A. W. Fliflet, R. B. McCowan, W.M. Manheimer, and P. Sprangle
Plasma nhysics !ivisIor, Naval Research Laboratory,

Washington, D.C. 20375-5000

A 500 kV, 280 GHz IREC maser experiment featuring an open mirror type resonator
with the resonator axis tilted by -.200 to the electron beam axis is underway at NRL. A high
quality 100 A, I pse pulselength electron beam will be produced by thermionic cathode MIG
type electron gun. Issues for the design of this FEL-like maser will be discussed.

INDUCED RESONANCE ELECTRON CYCLOTRON Advantages of CARMs / IREC Maser
QUASI-OPTICAL MASER OSCILLATOR

-Higher frequency potential with 0.5-1 MeV beam than
FEL or gyrotron.

OUTPUT - Frequency is doppler-upshifted from cyclotron
frequency (w -10m)
A 0.5 MV CARM with a 100 kG

ELECT" Bsuperconducting magnet can achieve 500 GHz.
-The typical FEL wiggler period of 3 cm or longer

" "limits a 1 MV FEL to frequencies below 180
NE-C, ,ON REGK)G Hz.1E 

Efficiency potential of CARM is high (20-40%).
N/RO\- "auto-resonant" effect maintains beam-wave

synchronism during interaction.

* Can operate at powers greater than 10 MW.

Advantages of the Quasi-Optical MIG-type Gun for IREC Maser
IREC Maser Experiment requires a 500 keV, 100 Amp, 1 jgsec

annular beam.
Resonator and interaction volumes are large (>> X3) Temperature-limited MIG successfully developed for

Low ohmic losses independent of wave phase velocity. gyrotrons.
Does not support low frequency "gyrotron" modes. Design based on 500 kV MIG built for U. Marylandgyroklystron.

Effective transverse mode and phase velocity Variable mod-anode voltage allows control of v.
selection. needed for voltage tuning of frequency.
Reduced sensitivity to electron beam temperature. Lower perveance and in CARM regime should
Radiation output and e-beam collection are separated. allow high beam quality --- 1-3% axial velocity spread

High beam quality predicted by accurate 2-D
simulations.
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280 GHz IREC Maser experiment
Trim Coil

1 fir Gassegra.,, Output Coupler

Electron GnNJIC'
Spherical Mir,.. X

Helmholtz Coil

N E

280 GHZ IREC MASER PARAMETERS

Beam Voltage 500 kV Resonator Angle 200

Beam Current 150 A Radiation Waist 8 mm

Magnetic Field 60 kG Interaction Length 9.4 cm

Resonator Angle 20' Mirror Separation 130 cm

Efficiency 35% Mirror Diameter 8 cm
Pulse Length 1 psec Peak Mirror Heating 110 kW/cm2

Power 26 MW Output Coupling 3.5%
(X - vj/vz 0.6 Required Avz/vz 2.3%

Electron Beam Quality from the 500 kV MIG IREC Maser Project Status

0.8 Engineering and fabrication of electron gun underway.
- -Delivery expected in FY90.

N 0.6 500 kV, 200 Amp, 1 psec modulator ordered.
> N- Delivery expected in FY90
< 0.4

Design of superconducting magnet nearly complete.
0.2 - - Procurement planned for FY90.

0 , I , , 1 00 resonator and output coupler design in progress.
0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65

Beam a
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P2.13 The Investigation of an Optical Klystron

Ming Chang Wang, Shanghai Institute of Optics and Fine
Mechanics, PO Box 8211 Shanghai, PR China; V.L. Granat-
stein, 8. Levush, U. of Maryland, College Park, MD 20742

Abstract: The feasibility of beams, experimental and theoreti-
developing an amplifier in the cal studies of the OK. have been
Optical Klystron (OK.) configura- carried out[2,3J. An attractive
tion at wavelength of 1-2 mm has application by using OK. has been
been investigated. The effect of proposed[4]. For the FEL's emplo-
beam velocity spread on the effi- ying small period wiggler (I cm),
ciency and gain of OK. is taken and electron beam with modest pa-
into account. It is found that rameters (375 KV, 100 A/cml ), an
more sensitive to beam velocity OK. has been designed to obtain
spread for three cavities than the gain of 20-30 dB.
two cavities. Tn this paper, the effect of

velocity spread on the efficiency
The configuration of an OK. and gain is taken into account.

which can be used to improve the We assume the velocity spread of
efficiency and gain of free elec- the electron beams is of Gaussian
tron lasers (FEL's) has been distribution. For optimized gain
investigated[l]. Based on the and efficiency, the injection ve-
concept of prebunching electron locity of beams, Bi is slightly

above the resonant velocity as cavities, if we optimized the OK.
indicated by Bi=*Br, where x is a parameters, and obviously has
detuning factor, which describes much higher gain than an FEL with
frequency deviation w from a re- a single cavity. Fig. I shows the
sonant frequency ws,oc w/ws + 1. efficiency and gain versus the Z,
We optimized the injection radia- the wiggler distance for three
tion power Pin from I W to 104 W cavities The energy spread is
for the maximum efficiency. The about 10 , = 1.003, maximum
maximum efficiency is 1.97% at efficiency is 1.96%, and the cor-
Pin = 0.44 x 101W, the correspon- responding gain is 43.3 dB.
ding gain at this point is 25.3 It is more sensitive to energy
dB, the OK. works at a nonelinear spread for three cavities than
region. For the same parameters: for two cavities. From Fig. 2,
detuning factor 0 = 1.001, beam the efficiency doesn't change for
energy I = 1.73, each cavity all cases if the energy spread is
length Lw = 0.20 m, and the drift less than 10-'. A limitation of
space L.d = 0.10 m. A comparison energy spread is required. It is
of the efficiency for two caviti- 5 x 10-4 for three cavities, 7 x
es and three cavities with FEL's 10"4 for two cavities, 3 x 10-4
shows that the OK. configuration for single cavity in our case.
can improve not only the gain, The efficiency has been optimi-
but also the efficiency. zed for injection power. Pin =

An OK. with three cavities has 4780 W for single cavity, Pin =
higher gain than an OK. with two 450 W for two cavities, Pin = I W
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for three cavities.
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P2.14 High Performance Pure Permanent Magnet Undulators

G. Rakowsky, B. Bobbs, R. Burke, W. McMullin, G. Swoyer
Rot:kwelI Inernational, Rocketdyne Division

6633 Canoga Ave. FA38, Canoga Park, CA 91303

Pure permanent magnet designs that can match or exceed the on-axis field of PM hybrids are
presented. Linearity and superposition of fields allows construction of undulators with
minimized field error and optimized performance for both EEL and synchrotron radiation
applications. Examples and performance data are given.

INTRODIJCTTON Pure permanent magnet (PPM) BACKGROUND; The Rock etdyne /Stanford 80 period.
undulators have been eclipsed in recent years by 2m long, PPM undulator was optimized by SA for
permanent magnet (PM) hybrid designs which minimum trajectory error. Trajectory straightness
offered higher peak on-axis fields and reduced equivalent to random error of 0.055% was achieved.
sensitivity to variations in magnetic characteristics despite actual field errors of -1I %. IlIl
of PM materials. However, the application of OICIE FTI TM
simulated annealing (SA) to minimize the effects of 1 PuECVsh PPM tcnlogy StoathYhyris
maneltoers hasreivd ntretyn P 2. Apply SA to optimize FEL performance directly;

unduato tecnolgy.3. Build a High-Performance PPM Undulator.

"Classical" Halbach PPM Undulator Configurallon Examine Dllsc~retiztfl Factor Fd and Helght Factor Fk
(PoldyruiAantord Urwliator) Dicotmo Factor vs. M HeIiN Factor vs. M"ge He6gNt

0 Square Bar Magneto 1- 0-..... ....

Madh gnets / Peri (Mi 4) 0. ........... .. :. . ......

.... .0 ...~n~hw ... . PER,. .75 .

_; - PackngFator a . .. ... .......O .. .. ... . ....
* Aal Is 53% ofUff* 0.4.0 PE* +JO

o1 .-.........

.. ....... ....

Examene Halbach's Formula for 2D Planar PPM Undulator .- '-'~-

r12 3 1 5 6 7 0 9 10 0 01 02 03 0105 0607 00 09 10
Pekil B., 28, si Imu I42 xh X. .s, o Blocks I Peiot M Normalized HeIVW lW

L1A' 411 Increase DlSCreliZatlon from 4 * Increase Magnet Height
2 FimaSenc.Jx N UO'CI'l[Fti to 6magnetWod. from0.2;. ?oO.72X

Factor F= 9 Increase Paddng Factor from WI
" Which factors can we "push* to increase B.? 80%10-"100%. * Result -- Increase field -380/
* What is the practical limit? * Result - Increase field - 27%

Roctdyne High Performance PPM Design PPM vs. ybrdi

1 ___ ____ __........ ...................... HIGH
0P#fA _ 66 ......... Peid :PM~--

Wn a ~ A a R ot ~ ) it 0 6

h~~~~~~ .' H ,L- ny3

1a~rd 03 a........02
L _ _ _02 ...... .... ..................

*Packing Factor e -I G.

60" *Hal-perio Symmetry 0 _ _ _ _ _ _ _ _ ___1__ ___1_

t o*dodar Gorit 0~30 03 4 45 0s 035 0 40 045 0 5o

* Sptirrl~itati erflo i Formulas. K. HalbaCh

NXU'OML F1EM Ae~od ft 03% Rock 1dyne's High Performance PPM Design
of heat"ed UNVI Con Match or Exceed Field of Hybrid

I In Many Applications
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Advanta of 6&Magnet PPM Configuration - -ktdeHg PeInac 8-PeidUdl

*Half-period syrmej & modulaity lends itself to 1BOpizeby2Sa APrcs

multl-narameter, mui -stage optimnization by 1agiL1 (coMPLErEO)
Simulated Annaaing (SA). 0 Characterze each magnet in all possible orientations.

*X and Y trajectory errors can be largely dlecoupled. (Map 8 vs. z as saw~ by elecron)
Halfstrngt en moule easly ealzed0 AplySA to group magnets Into haft-period triplets with

Advantages all Simulated Annealing: (nearly) equl & symmetric field profiles.
" Can optimize FEL performance directly. [2], [3] %Me 2 (wIN PROGRESS)

" Can minimize RMS field error too, If desired. 6 Re-characterize assembled triplet modules.
NOTE* Minimizing field errors alone does= uarate (Accounts for triplet assembly errors.)
optimuim, or even jsfa fl performrance! [4] * Apply SA again to find optimal ordering of modules for

" Can also optimize performance of Synchrotron Radiation miimum phase and trajectory errors.
Insertion Devices. Gal performance equivalent to random field error !5 0.1%.

PREDICTED DISTRIBUTION OF TRIPLET KICKS PREDICTED DISTRIBUTION OF TRIPLET KICKS
RANDOM SELECTION ANNEALED (Stage 1)

LJ 4............... . ..... ..... . ..~ ................

0

.... . . .... 0 ~ 0 .................. ..... ...
03

3 ......... .... *...... MEASUREMENT OF ACTUAL
~ DISTRIUTION NOW IN PROGRESS

> -4 .....4------

5 -4 -3 -2 -1 0 1 2 3 4 5 -5 -4 -3 -2 -1 0 1 2 3 4 5

SYMMETRIC COMPONENT SYMMETRIC COMPONENT DEVIATION I(%)
DEVIATION (%)

StagtZ2: Evaluate trIalet & phaae errors, RockstdyNe High Performance Undulator Design Parameters
A realistic trajectory model is constructed from superposition of Type -PPM Minimum Gap -0.76 cm
field dlata of individual half-period modules. Minimum traiectory & Structure -6Bloctra/ Period Peak Field (max) -0.65 T
ghase error yields maximum FEL performance.(3] u1 Period - .4 cm K,(max) -1.47

NubrPeriods - 82Ooatlna gilamatam ar
ByLength - 2 r1.. 31ff Um

Field profile of each module Taper -Unear. Variable Gap -0.987 cm
spans several periods Magnet Materlal -SmiCo6 Pea Fll .8 T

Remanew Rid 0 .97 T K 1.095
I z r _

Module Array

V V V V T Popoed aicaion- as power amplifier in HIBAF at LANL [5]
Model takes into account field overlap Exoed comnion date - October 1989

111 M. Curtin eta).. "A High Quality Permanent-Magnet Wiggler for the Rocketdyne/Stanford Infrared Free Electron
Laser". Proc. IX Int'l. Free Electron Laser Conf.. Nuci. Inst. Meth. A272 (1988) 187-191.
121 A. Bhowmik etal.. "First Operation of the Rocketdyne /Stanford Free Electron Laser". Ibid., 10- 14.
131 R. Cover etal.. TEL Performance with Pure Permanent magnet Undulators Having Optimal Ordering", this Conf.
141 B. Bobbs et at., "In Search of a Meaningful Field Error Spec for Wigglers". Proc. this Conference.
151 W.D. Cornelius et al., "The Los Alamos High-brightness Accelerator FEL (HIBAF) Facility." Proc. this Conference.
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P2.16 Optical Resonator for the NIST-NRL Free Electron Laser

B. Carol Johnson, Ronald G. Johnson, David L. Mohr, and Marc S. Price
National Institute of Standards and Technology, Center for Radiation Research

Gaithersburg, Maryland 20899 USA

A 9-m linear optical cavity will be used in the NIST-NRL FEL. This FEL, which is
driven by a racetrack microtron, is designed to lase from 0.2 to 10 Pm. The resona-
tor must accommodate the large dynamic range in wavelength, low gain, high aveldge
power, and coherent harmonic emission of the laser. This work was supported by the
US SDIO through ONR Contract No. NOOO14-87-F066.

9-. lUS?-L cavity Prameters

Zama e.iLagama U.AMa UI aot.adLag

Mae lth 20 m to - 3 OM 2 sa to 10 sm

iirrer Separation. L 90.94 m 906.94, -
871415h LAagth. a. 282.00 co 91.00 -

NJ to valet, tl 453.47 cm 362.47 c

lrror sail 1 52:.51 cz 385.31 cu

kirror 8.idle 83 528.51 cm 559.68 ca

Cavity tabililty. £182 0.5220 0.8400

Separation of mirror

center of c rvatue. d 146.09 cm 38.06 cm

.I%| of ae at salat

(W2 intolty), WOO) 0.34-1.32 - 0.76-1.70 -

"di:.m of made at " 2.680(1) 4..llw(k)

bail of a. at N 2.68.(A) 6.07o()

Looitedlial mod.
-acing., 16.5277 IU 16.5277 lit

ket.IIW lenth, IL -0.85 pa to -7.5 P.
mormIliai *iJip o. Wlib 0.03 to 0.18 0.13 to 0.5

ICST-PUL CAVIT PA £MrUS. Toe cavity geometriels r. required for
this irL, The fIrst,. whIch oli hzei ho amI-ita power gan by
sing the t tIre, or full-lngth* uidulator, will be used for UY,

viibIeand near-IN wavelenlths. ma facond. whIch minimize* the

Dipole magnate DIS to D17 are a chlr e that ptavlde. diffracta loo:e: by halving the length of the nairrow-bore undulator.

achromotic tr-sipor lrd the first cavity mirror, stll be Used for oid. and far-infrared wavelength. Tho mirror separa-

i1. and on the It
7

y Mil. The pair of q-drupol tilon remlns the oe. but tho location of the Intracatty valet and

wagneto 120 and 021 or. port of a orlablo -. llc- tho hyleIgh 1lth of the cavity mode changes. The#* cavity

tlon teliocop for -od-.tching th. elactron b.e- parametors ware calculated uider tho assuption that froo-space cavity
on- elop, to the fsnda ental cavity end e, The daip•I dii O e ad quate. A schem tlc of the two syste to show below.

0550t pair 018 and 019 extracts the loctron beam
free the optcalI cavity and direct. it to a ehlldod
electron beaa collector. 022 prnvidn for achronatic
tranport to tha ebw collector or other eoPerI-nto
(dooe etry. transition radiatIon. etc). Fleetron

besa terers are labeled 'S', alignoont vtosncreens
*VS. b."oo. profile arelrmrerenc dlers, or

vl raseannr., -US-. The th ole..creens thAt can To Electron
be inserted inside the undulator are not sh ow, for B
reasons of clarity. collector,

I n I a 3 4 .m m I t19 -

" .._UND)ULATOR ( 0.84 K S 1.4)

FROM ACCELERATIR LU T
17 TMeV < 185 0 LACE C_

D1 D16I121 021l Cl121 MD
* ~~SCMHAT.?C of the OPTCAL CAV12' end ELZCMOi 8AM

fTRiSP08?. The Ioctions of the cavity mirrors
(green) and the electron be"a transport gnata
(ble) are show. Cavity paraleter. for the full

length undlator (violet) and those for the half
length urdlator (red) are als. sheen. Outcouplln8
vii be either by a partially trenvaittIng mirror

coating, or by Intracavlty btraoter plate.
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*UIGNMI117 SUiSITIVITf and DIFFRACTION LOSSERS COflMC1ALLY-AVAILABLE MIRRORS for NIST-MlRL MRI OlITFPf F091E
050 ro to 850 -e

FASSIVE9 CAVITY (no eletres or .endulator field) The total round~-trip pincer losses. 1.12. muat be such

Mutlti-ieyer Dielectric on I'uaed Sill"a that the Isaing threshold Is reached:
The Optical aels of cavity Contain. the centers of bandwidth: t 50 ne
chfvature of spherical end mirrors. Smell traeer.. Reflectivity: 0.9999 RlR20e' - p2> /i.Cp).
displacements or rotations of the mirrors will rotate AIbsorption: 20.20 pp.
tiev optical axis with respect to the desired where RI Is the mirror reflectivity. 0 represent.
mechanical axis. nt-ro.-nmn from Heating Introaeity losses, and Cp. Is the smali-allgnmi power

*Obsrved to be negligible at 250 kM/om2 for gain. If the oscillaetor saturats by extracting the
*iii~g)/(~g82) gi

14
/j.cv dye lasers; wm expect <S 50 k/cm

2
. averae maximu pocer from the electro boom during the

*Ceilculatd distortion In steady state using Interaction, then the average lntrmaclvty poer to

Ml finite element enalysis method (see below)-

M C2 ClI nieoork..keekdop.-co.R/(_I2)
V D-migo threshold 1. 20 S/cm

2 
in I P- where .r-1/

2
N. N to the numnber of periods, and P* Is

c Us. expect 0.25 J/cm
2 

In I Ps the electron bom power (to is *qu.alI to the average
C current In A time. thm boom energy In eV). The

M 2 '&wasgeziniimaEPiiCe te 2e minIn value for P, Is foomd from R
2

-1/(l+Cp),

- From experience atohre 1A epct Finally, the output pomwr in
absorption to Increae

If meoli Intracavity apertures are present, (i.e.. go Here cIalc ting heretc radiation (.o ?a - qPg(Tl4RIT2)/(1.82).
wiggler vacumei chamber), diffraction loses Increaee. Tang and Sprengie 1959)
mince the perturbed cavity mods wili be contered on . eacon Research In Phase I of UVinduced where Ti is the mirror transmission. In the cae
thn row optical "In. Cavities with "oit-separaed damange study for .ulti-myer dielectrics that chere transmission dominates the roun~d-trip losses.
centrs of cu~rvature are le-i sensitive to slignownt are designed for 24.0 not. The planned cork would then Poqs For the MlS7-STN. Pe-100 kk at full
errors. Also. If the electron beom is smell1. sigtif- comrplement the studio&e in the visible (see energy, mo ?a < 385(192) ii for N-130(65).
icenrt lose In gain wiii resuit from misaiignment. Deacon. Bakshi. end Cecere 1989).

- FMI operating parmeters must he adjusted so UA100Z: .1-632.5 o .A T-107 N~ev. <12-0.55 mA.
EXAMPLE: Half-Latgth Undulator at I - 10 pm. one that the harmonic content Is minimized 

0 r0 * 2
, S-0 T5-TZ-0.05, RI-R2-0.95. then P.-2.i lii

dimenmsionmi mirror tilt of 90 pired wili Increase the end 
1

ol'l1 9.
diffraction lose by a facter of 2.0.

STEADY STATE TIRAL ANALYSI S

Cylindrical. plae Mirror art Infinite Heat Sth Tempcrature and Dcfornoion of Mirror

Itepmed to Ceussien Lamer Beami 20,i

IOUMAZY CC0MITIOIS to '4 4

1) Constant poential, bottom: T-O at r-0; 641
2) Conetent field, edge; P1 -! 0; v' 0

3) Causailn field, top: AT m -2P -1r
2  

12 6.
4) Notion at z-0 Is tons~treinod In r. 1. antd z; o 2 'a
5) Notion at i-C io constrained In r end 6. 3

MATERIAL AND) PHYICAL CONSTANTS v' 10
Mirror radius. a - 25.4 me. thickness. t - 9.525 me; 0
Abeorbed pocrr P - 100 mUl (I hil Intrecawtty power a

100 ppm coating absorption); o
Mode slze on mirror, w - 1.626 ime;, .
Fused ejuIce substrate:
a - 1.38 U/st-dogre, end a - S.S-10- per degree E 2

I - 7.03-1010 nt/n
2  

end a - 0.17 v' ~ .0~~o C

METHD0 2-
Finite elemnt analyes., u"Itg the ends ANS'fS (Sc-- 2ie ~l~
sori Anlysis Systems) cith 10 eiemeinta It o. 5 'in r, .
end 12 in 0. Monomiforme spacing in r and r was 0 000 i.004 0-008 i 0%2 OilS6 a 020 0.024
required. Radius. in

PRELIKINARY RESULTS
1) Aoreemett with anelyticalI formuliation of sTE RTUErz mond DEFIUNTIWI of MIROR. The dashed lines are the

Robb. lim., end Anderson (1988); finite eleement analysis solution for the tempereture and deformation
2) Temperature rise of 16.5 degrees
3) Deforimetion in z :t i-C. x-z i: 16.5 nis profiles en the mirror surfae. The anelytical solutions of Wdebb.
4) Daormatiom In r Ct i'-.. 2-i 1.7 no Nissan end Anderson (1988) are the solid lines. The temperature

FUTUR LIMprofile. are in good agrement. The agreemet In the deformation
Radiative cooling; realistic mechanicml bounodary profile. Is a1.o reeesonabie. mimte the anaelytical solutios do not
conditions; perturbation treatment of cavity emes; accom.t for substrate elaticity.
time dependence; elasticity effects; stream analysis
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P2.17 APPLICATIONS OF HARMONIC GENERATION OF PICOSECOND
PULSES FROM A FREE ELECTRON LASER

Brett A. Hooperl. 2), Stephen V. Benson 2), Richard C. Straight1 ) and John M.J.
Madey 2)

1) Utah Laser Institute, Department of Veterans Affairs and the University of Utah
Medical Centers, Salt Lake City, Utah 84132
2) Department of Physics, Duke University

Durham, North Carolina 27706

Using non-linear crystals we have produced harmonics of the Mark III Infrared Free
Electron Laser from 495 nm to 2.1 .im. Optimization of energy conversion efficiency

as a function of group velocity walkoff, birefringent walkoff, finite linewidth and length
will be discussed. Preliminary results on an optimized coated crystal system wil be

presented and compared to theory.

ABSTRACT man mrror HARMONIC GENERAT)ON BEAMLUNE

The Mark III Infrared Free Eiectron Laser has been usec as

a research tool by (,ah Laser Institie and oter inves lgators
since Septemoer 1986. The Mark 1Il 1k FEL uses a Radio //IV Mova mror

Frequency Linear Accelerator (RF Lunac to proauce a 26.-4-
MeV electron bearm. This allows operation of ush laser in ue Apertures

specofal region 2 to 8 uam.
The second and fourth harmonic wavelengtfts have been

generated using non-linear crystls. The second harmonic tis
been generated from 0.99 urn to 1.24 urn using lithium nuopae Germanium nDtel

and 1-58 lin to 1.5-5 uin and 1.80 un to 2.1 tim using silver Filter Aa monitor

gallium selenide. The fourth harmonic has been generated from < u.Ge Detecor

495 nm to 620 nm using A cascaded crystal system of lithium

nobate and beta-anum borate. Lens i

Optuizaton of energy conversion efficiency as a funcuon
of group velocity iaLkoff. burefringent alkoff, f-nite liewdh Pyroelectric Detector

and length will be discussed. Preliinary results on an

opumLzed coated crystal system will be presented and compared 2nd Harmonic crystal
with theory. Conversion efficiencies of 1% and 25% were
measured for the respectve crystals. Poor converston

efficiencies on tis first test rely have been due to a poor S¢rehl

ra o. POiarizer Filter

Work supported by SDIO/ONR MFEL contacts : 0001A- Lens 2

86K-0823, N00014-86K-02S8 and N0001-86K.0710 4th Harmonic crystal Sehaon Piotooiooe
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FREQUENCY DOUBLING RESULTS USING TH~E
MARK III IR FEL

SECOND HARMONIC GENERATION 0.5-5 urn b_____ALg 8ge - IN b0 3 -lA3 -

lxix? long 1x3 tong .5x.Sx.o

PIIAEMACIIIG 190
ANGLE ~dges 1525 45 22

FUNDAMENTAL 1) 3.15-3-27
WAVELENGTH- im) 2 3.!8.4.2 1.98-2.48 .99-1.24

2SECOND HiARMONIC 1) 1.58-1.64
WAVELENGTII L L! I .99-1.24 .4563

E -NERGY C ONVERfSION 1) 17-41%
EFFICIENCY 2) 7-10% 10-50% 1-10%

- --------- TEMPORA L 1) -2 28
WALKOFF (pseccm L .07 0.2 2.7

.WA IKOFF (deqroeesj__ 2) 064 1.___ 3_ 2:9----

2) uncoated AlR coaled uncoated

*Note the second harmonic wavelength lor I- Barium Borate Is
[tie fourth harmonic of the EEL. Ouadrupling the EEL froin 1.98-
248 pim down to 0.495-0.630 lim using LiNbO3 and ft.BaB2O4.

FOCUSSING PARAMETERS, i& B,
and our WEAK FOCUSSING

CONVERSION EFFICIENCY is. CONSTRAINT
FOCUSSING

W* ame constrained to tis. Weak Focussing Limit i . region in
tO ,~~l .yrrl- T1RED. in us. motive graon) do to oaticai osog@ thomhs t.. in

2-64 1 fluenca pui.., of te Maom II FEL This arioweat we1. am* in tis

r I I region whomr ". are hot n**nify deoendent on mes vim"ua of . ifs.
to' - -- - 1 sog refraction parameter.

-CRYSTAL AgGaS.2 L.1ND03 5-.&204

~ 0. - 4 121

x FUND IUENTAL I .022
WAVELEN..h (ml ;! 23.70-4.2 1 .90-2.46 0.99.1 .24

OfLENGIN OF 1) 2.1 0.2 0.8
ICRYS.IAL (cm) 2) 2.3 1

L3 I
to to W, 1 . RAYLEIGH ten) a) aa 2.8 4.1

toJ iO ~ iRANGE I) 200 0.6
2) 227 2.6

8.2
0.12 0.04 0.08

The funiction h.B, for ootimum phase matching 0.005 0.16
as a function or focussing parameter U (b for 0.18

vesral values or double-refriiction parameter
p VrialieIniaeotmmPOYNTING VECTOR 0 1.0 2.8A

B IiI.Vriallnsni~ piu WALKOFF (DEGREES) 0 1.09
focussing in the lintit. of small and large B. 0.64 1.58

1.62
B 0 1. 26 7.03 0

2.88
1.11 2.81

7.87

ENERGY 1; 41% S% SNG 22%
CONVERSION 1) 20^ S% P40 10%4
EFFICIENCY 21 10% 1 0%

s 0%
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PHASE VELOCITY MISMATCH PHASE VELOCITY MISMATCH FOR SECOND
HARMONIC GENERATION

CRYSTAL 1 Z E41110 I * M. As' q

ItLINII,3 3.2 0.2 IS41 0.170 53.1 6.6 5%
3,2 I so 0.314 53.? 16.9 5%
2 4 .4011 53.7 32's 10%

-- 2.6 2 _6 _0.44 0.210 0.1 6%

AgGaSe2 1) 15i 2.1 34 0.12 31.0 3.0 41%
fl&12) 1) 3 15 2.1 if 030 31.6 12.1 20%

o..2)_4.0 2.3- 1? 0.31 12.3 3.0 10%

B -6.5204 1.06 0.6 44 0.373 its 74 22%

lbwhere I Is the characteristic interactionl length evaluaed Or the fundamentel
wavelength end the phase velachy misematch is given by as.

I . n2.~dE Ind As -AM

The growrth of the second harmonic amplitude for Toeae11 etst o h piie oldcytlsse

yarnng egres o Phse elocrt ismtchwith lthium nlobale as the first stage In the cascaded system for
4sr.Ikl. where A~s and I, the characteristic length. quadrulplinsg the. Mark IIl IA FEL. The poor convson eff5Oliciency was

are deflned int J. Armstrong. N. Bloembergen. J. likely due to a poor StrohI ratio that was rneasure4f of less than 0.2
Ducuing and P. Pershan. Phvs. Rev., Vol.127. sight oiler the harmonic generation experiments. A SlrohI ratio of 0.2

No.6.p. 19180~962) means that the0 Input electric fiold Is smaller by a factor ol 42

APPLICATIONS OF HARMONIC Therefore l and as are larger by the0 same factor of 42 .

GENERATION ON THE
MARK III IR FEL

PHOTOCHEMISTRY -PHOTODYNAMIC ACTION C SAL to -1 Litte~ * A h
Tunedie varoe bqn! 20 495-0 530 1 0n, vacverenqss we..n Detauned from n iL.(5 .J~ iV/) l m) Lcwal

mre FEL by saisisasC genevean Wit S14OeVi m IO 00 wgvelengol and
nosesstucteoI otfleD.D otectafOlton f oriyts Pdimhirmif a LtNbO3 2.3 0.4 IF 1.41 40 of 1%
zonurtmwocyemie sllmdnae na oIotossrumoume oxidaton lat wsue in 264 I 24 06I23 264 22 25%
Wicanate sslne I ThesiOntomnaeflisdoxcaSon eaaaxn 00015 wie
onotatiestor as ea0160 mmuon1 asnort aedi inanoaeondi anigleane
cste not undergoes an nuirsysml cowcing 1o a W nd 350 nvicrse0ndl

= xctad truste state. The ne Istate 1t1 mte Donaisaw laonry matt im
lyinjc oxygen end Dv energy transfer tarms ; ae daygesn The sarigel

ozygen oethoenvy, oxidam, flla83fon l.15504201@ flllmui and 0rwr ociiaQc

msawcuum 12). True ontgodlnlsrze oxidation as ssasgnt sa be one 0t me
Winnt Dafiwrif Invod in 0.4W01 Icer Pon~Olliweaamp 0) Cnda
The etlacency, ot mlwe tasu.s f01 Ono-onotan Or fivo-otnon Oxe01attof Of
Polrfly1Win ano Dontrac00Va11005 re85 not often wree stuaea The ty,04 of

e8CdaboDi at Pgmnlt WIG0 a"e shouldla1Ie1 bWI e coase wish mea
FL Do we nave not yet suooed n. Tne wunao, IS rE. visa be meowed Ior a

weveleogt slody
The Iioranary 16511113 (Tanite I I inicat mat lsstdese wes Italy,

primoozdwod with Doth Oncramnsznal;ze~ wexcs 8016y Mae FEL hgt ax
onelnnorllt orrolon banoCn Ned11cr onsemnfultoe was signifcantly
OenOved Dw onodideacrefdurn mIOQe 10 tminto exposure to mie FL fight 0
as.p inenastes eslif Taws, I carorres s amnwto atlcistaximativ
oasDtructa of nise tor rn DolIosoestruzers acurawte wor, re FL IS
function of wvveweqgm easa wradtanco The diterence Deen meu car"

tsbdino (2.00 wln0.eam anm afs l of nmemng hisser eatho tile In -2 IW UaSM tnit aVSMan DW Dow enasities at am 8-5.11 canm of - I

oitoency of FEL DPldto.fOetldf snown in Term* I The rate0 at hardiat MW,0n2 were getlealed These to gowels we heccssaay oce.e mef
oixoasoan with ale YEt, as sasr In mer two found.1 wrnc ius wae. Sodrain in meO tn. filmS very v,,waDo10 2 wie a, a WeW D~

tungsten lignt Disotoamaton. mcehadit ais d a mes sanote mrness at mcc eassengar nd mept.
eltiamtey aIDD' clata ow mnotj I I at um nssumem eoeoormuc

Table 1. PnaIootinarviii Acton. Mark III Frcc-emeeiron Last r-I00 f Noence ""c experimnts Ieee advantage of mac Illomy ams ragn

pnotosonstuma~ oxid~latio histrisene witri PSotrin 1t (PF I1) power Di me mark fit FEL.
aargvnh endz'5 onteloyas~e eltonle.The measured Pt.! s~otun in 0-SI. rpH od Ch5an WI 800rsstet

porpvnn an zie pitfelocani sltaatesenw - 1. 15eV. Thes Pt,5 adeitus c onsuawen, wonis aoang osaw 7 m
SAMPLE IRRAOIANCE TIME HISTIOINE Pt. graes. mat asnetise MIS ralu raan 0laa tnitions omeree

nhvl.WIC121 (.,.nI (IlI0141ca merate i me, conduction bandrv W1 states anome tw oaisg-orsa
affecs

Buffler. op"s~ahto (0.1 U. PHt 7.6) 0.0?
NWetid~n S32 42 10 1.96r j. Rmine. B Iooo..C. Tatr oraa n Ou omo mrc

PP 11 , NMmtddrn 532 42 10 4.20 114. 10.P. 1003

PP 11t1 Mmctdis, 577 21 10 1.10111

PIC It' I "ebSune0390 10.3 10 1.13

ZnPeS I H.taine 635 10.3 ID 0.73 ~4
tI I S. Benaon J Miamey. R. Straqu end a6 fw socc rni Olt Lass,
AdONtWOCl. i OWc
12) R C Samvs eia J*0 SO-uss Singeet Ostygen Potynsre eSM Beffowemam

EXCITATION SPECTROSCOPY OF a-SI:H

The Mars, III IR FL lAsn ued In msure, me* fear________

gesaldalnwlegcacoecation off000*11 wee othow trist Dattctu 605015505
edge Win mv,-trn ansaftols semnimat 131 That measad snowsl Do2
useesi cr mon e a-a oooa I0.,~nteDEDnIOI

Anuw cn e OsoL et, 01 a s emsO Iyaffehcs atholsaok q 5 iwe
An.tltl9Da s um .thi c samo e of a S dlvrgero slmt~lax nouoI - ta

us"d in drwo increase Me oewasran 0t h t ci nergies wall boem, ING
ceaotan edge The, PLE. (Pitostuffrescwoc excolaYmtmS5WIS

~t0 coered the tfngo froms 1 01to 123 umn 0.01 In 124 W. wete
oerdrtled usad a eitrtn noomee crysms to genearate secman ncrmamia For .-

me reetcy-ostld 19M f cDean Dow0ma WI me microdllae rerved Porn
-20 t0 -2S0 kW arns, eavenate owev in Va nutcom,e ranged "mis -0.2
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P2.19 DIRECT SPECTRAL MEASUREMENTS OF THE UCSS FEL

G. Ramian and J. Hu
Quantum Institute, University of Cak"at

Santa Barbara, CA 93100

S. G. Evangelide', T. S. Chu. B. G. Danly. R. J. Temkin, and T.G. Sollner

Plasma Fusion Center, Massachusetts Institute of T.Arnodqky
Cambridge, MA 02139

Direct frequency-spectrum measurements of the FEL. in operation at the University of
California at Santa Barbara (UCSB). have been made using a surface acoustic wave (SAW)
spectrometer developed at MIT. A heterodyne converter, using a CW molecular lase as local
oscillator, down-converted the FEL's 1.8 THz frequency to an IF frequency of I GH to match
the SAW device bandpau. This system had 10 MHz resolution over a S0M Mlz bandwidth
with a 100 ns sample window.

The need for a SAW spectrometer arises because the UCSB FEL is a repetitively pL' ed
device characterized by both a single-pulse linwidth and a wider average linewidth. This is
due to both imperfect pulse-to-pulse regulation of the electrostatic-accelerators terminal voltage
and inherently stochastic startup of the FEL itself. Each pulse ends up with a sihtly diferent
frequency. Further, during a pulse, a monotonically decreasing beam energ. characteristic
of the electrostatic accelerator, limits the time of single frequency lasing to between 1 "and 3
pa. Conventional RF spectrometers cannot take a complete spectrum within that time and
the frquz'-y shifts prohibit the us" of sampling techniques. On the other hand. the FEL
operates at wavelengths too long for optical techniques. A grating spectrometer with sufficient
resolution would be prohibitively large.

The UCSB FEL uses a wavewide Fabry-Perot type resonator of 7.14 m length. This results
in a longitudinal mode spacing (c/2L) of 21 MHz. While the SAW spectrometer resolution
(10 MHz) was insufficient to measure the linewidth of a single mode, it could easily distinguish
between lasing on a single and lasing on multiple modes. During the experiment. a large
number of spectra were taken. A statistical analysis of these spectra is presented.

t Research sponsored under ONR/URI contract N00014-86-K-0692 and
SDI-MFEL contract N00014-86-K-0110

SRon. h sponsored under DOE contract DE-AC03-86SF16496
* Presently at AT&T Bell Laboratories. Holmdel. NJ 07783

Introduction

In a collaborative effort between the MIT and UCSB FEL
groups, a real-time spectral analysis of the UCSB FEL has NIT SAW Spectrometer
been performed. In recent theoretical work," and past exper- System

imental work,3.4 the mode spectrum has been studied. In past
experimental work, the FEL radiation amplitude as a function 9 FEL radiation at 1.8 TH mixed with local oscillator (LO)

of time was sampled with a fast detector, then this data was signal (-1.8 THz) from FIR gas lser in Schottky diode to

Fourier analyzed to obtain calculated spectral linewidths. Re- produce intermediate frequency (IF) centered at 1 GHz.

cent theoretical work by Antonsen and Levush' 2 has suggested
that FEL oscillators may produce a radiation field which has
many spectral components for practical pulse durations bmt appropriate length for SAW filter. Gate can occur at dif-

for which the amplitude is only weakly modulated. In this the- ferent times during FEL pulse to sample spectrum at dif-

ory. a phase locking of neighboring resonator modes within the ferent times.

gain bandwidth is responsible for the greatly reduced ampli- Gated IF signal is dispersed in a surface acoustic wave
tude modulations. (SAW) filter with dispersion of I pa/50 MR and 500 MHz

bandwidth. SAW transmfison v . frequency (see below)
Here we report this first direct real-time spectral azialysis ianided fro t io sp f lebe.

of the UCSB FEL. This experimental work was carried out dur-

ing October 1988 and March 1989 Both homodyne (Oct. 88)
and heterodyne (March 89) receiver systems were employed.
Results of this work are presented in this paper.
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Heterodyne Results
(March, 1989) - .. 500 MHz _V.

" Heterodyne receiver operation obtained with -10 mW CW .

1.8 THz gas laser used as local oscillator (LO).

* Pressure broadened gain baindwidth of LO laser was much .

less than free spectral range of las cavity resulting in

monochromatic LO.

" Observed and recorded 90 spectra. Spectra obtained exci-

tation of as few as one and as many as 10 FEL longitudinal

cavity modes within the SAW filter bandwidth. "

" Mode spectra show characteristic 20 MHz spacing of FEL

cavity modes.

" Density of longitudinal modes excited within SAW band-
width exhibited no correlation with temporal location of -

100 ns SAW gate within FEL pulse. 500 MHz----

* Samples ofheterodyne, real-time spectra and histogram of -

mode density shown below. Complete catalog of spectra

is appended to this paper.

Conclusions -

" A real-time spectral analysis of the UCSB FEL has been

carried out using an MIT 1.8 THz heterodyne receiver sys-

tem. st11

* Both homodyne and heterodyne receiver spectral data show

excitation of multiple modes within the FEL cavity, and
that such spectra are consistent with a field amplitude

temporal structure which has only minor amplitude mod- .

ulation.
500 MHz

- 4-

8SA
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TECHNOLOGICAL REQUIREMENTS FOR A CONTINUOUS

P2.20 WAVE FREE ELECTRON LASER
D.J. Larson

Center for Research in Electro Optics and Lasers
12424 Research Parkway, Orlando, FL 32826

ABSTRACT -- Recent progress in electron cooler technology has resulted in the
operation of a 2 MeV 0.1 Ampere DC recirculating electron beam system. A similar
system could be used to drive a continuous wave free electron laser (CW FEL). The
requirements and feasibility of a CW FEL are discussed.

2-.

15.0

12.5
5 7 10.0

>- 7.5

2.5
I 10.0

112 0 2 4 6 8 10

DISTANCE (M)

17 - ,Figure 2. Calculated electron beam radius as a function
of distance for the NEC electron cooler prototype.

= - ~~~~-22 '(111111111
24 12.5

25' :X 10.0

26 7.5

Figure 1. Diagram of the NEC electron coulcr *0.

prototype that achieved 0.1 ampere DC currents of 2 2.5

MeV electron beams. 1) Accelerator Tank; 2) High 0.0
Voltage Terminal; 3) Heat Exchangers; 4) Gun and 0.0 0.5 1.0 1.5 2.0 2.5 3.)l
Collector Electronics; 5) 10 KVA Generator; 6) DISTANCE (U)
Capacitive Pick Off; 7) Generating Volt Meters; 8) Ion
Pump; 9) Electronics; 10) Electron Gun; 11) Steerers; Figure 3. Calculated electron beam radius as a function
12) Acceleration Tube; 13) 200 W Generators; 14) of distance for the final beamline sections of a CW
Collector; 15) 1 KVA Generator; 16) Deceleration FEL. Beam radius is calculated for three values of
Tube; 17) Insulating Rotating Shaft; 18) Solenoids; 19) emittance, thermal (normalized emittance en equal to
Motor; 20) Steerer; 21) Ion Pump; 22) Faraday Cup; 10 p mm-mr), ten times thermal (en = loop mm-mr),
23) Quadrupole; 24) Ion Pump; 25) Beam Profile and twenty times thermal (en = 2 0 0 p mm-mr).
Monitor; 26) Dipoles; 27) Quadrupole; 28) Insulating
Coupler.
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20 1

12.5

x~ 10.0

>- 10 7.5

5.0

2.5

0 I I I 0.0 I I I I

0.000 0.667 1.333 2.000 2.667 3.333 4.000 0.0 0.5 1.0 1.5 2.0 2.5 3.0

DISTANCE (M) DISTANCE (M)

Figure 4. Calculated electron beam radius as a function Figure 5. Calculated electron beam radius as a function

of distance for the final beamline sections of a CW FEL of distance for the final beamline sections of a CW

(en = 1000p mm-mr). Solenoidal focusing is used FEL. Beam radius is calculated for three values of

every 1 MV within the deceleration tube. emittance, thermal (en = 10 p mm-mr)
and twenty times thermal

(en = 200p mm-mr), with energy loss in the FEL
assumed to be 0, 50 KeV, and 100 KeV.

Figure 7. Diagram of the NEC nonmagnetized

collector: 1) Ceramic Housing; 2) Entrance Aperture;

3) Focus Electrode; 4) Pierce Geometry Electrode; 6)

Collection Cone; 7) Cooling Water Inlet; 8) Vacuum

Figure 6. Diagram of the NEC magnetized collector: Port.
1) Ceramic Housing; 2) Entrance Aperture; 3) Focus
Electrode; 4) Pierce Geometry Electrode; 5)
Solenoidal Coil; 6) Collection Cone; 7) Cooling Water
Inlet; 8) Vacuum Port.
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P2.24
A Micro-Fabrication Compatible Wiggler Design Scalable to Sub-Millimeter Period**

Robedt H. Jackson and Harks Bluemnt
Code 6842

Naval Research Laboratory
Washington, DC 20375-5000

A linear wiggler desiln has bean developed which Is compatible with rniro-fabrcation techniquea and Is capable of proingunfform, multl-kilogause ids ot m~illmeter and sub-millimeter pariods. It has Impications for low voltage Infrared free elecron lasers.

Why Small Period Wigglers? SCHEMATIC OF REDUCED EDGE EFFECTS LINEAR
Free-Electron Laser to-date have required high electron (REEL) WIGGLER
kinetic energ In order to generate high fraquencies. This
reults In fUgy large systems with heavy radiation

shielding requirements. -.

Small period wigglers (X r.S I nun) can lowe.- the voltage A OsrodMI
requirements for operation at a given frequenicy, but other
aspects of the FEL mtaat be adjusted.
Advantages A

V011100 Reduclon
wdallr Totmifstom Size........

Lower 00" eipmr -ev
Disadvantages (od .SECTION Oin 1MN usd1..)IO

0 Nor period -exponerdltldr~ In field S adbsi i iis

Sid.but ftilr elctro buu-. Oweutput powve

However Numerous Applications In the MM-Wave. Mid- & Far-IR Range
Could Benefit From a Conigact. Moerate Power, Tunable Source Based

an Small Period Wionlers.

CHARACTERISTICS OF REEL WIGGLER DESIGN AaLPOIECMAIO
aSimple design compatible witlt low coat, high accuracy fabrication as_______________

e3D nwlsyr conductor winding pattern -3" ,L

Currorg .iid**lalMn. s0Wptbe, to i-V pwanswtv of powe stsuply .
RoeuAcfort of st" fiold@ end Geld rmnifdorriiles

cenmelon of "side" currvedsu
rsduclonoferseflects1 :;1iI N0-ourrwnt lead.uc ator 1 wfggo an e ide A endI * I

- uieen ilty1 tpe .* ic dait W~ggleri. 'de .... IM %

am Sete nrmi pst- nlninze controf a montorr a ey ton fIs.I

5Compatible with cooling -u DC, AC & Pulaed c oeation possible I
eCapable of multi-kllognuss peak fields even I or relatively 400 ________________

large gap-to-period ratio. 6 4 12 is ad 3

Bp.s 2kG for gap/ X~. . 0.6 01 a Imm cnteC~r of wigger fern)

Winding pattern can be used with other Iron core geometries
and would be compatible with the use of multiple layesm of
thin film superconductora (if and when available!) Treezwer, Profles

Comparison of Calculated & Measured Peaks Rlelnoe Coter of Gop

pow". Iel
SAc

ftliedV.4

4 7 0 -I I

10 I IS 22 10 -5 0 1 $0 I
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Wiagler Parameter Scalina for Const nt Gap to Period Ratio IREEL WIGGLER CHARACTERISTICS

Multiply all wiggler dimensions by a factor a * Use REEL wiggler winding pattern
- Intrsi flldC taped"ng dredution of asay R"is
-tred need forl ann oils and Sla r Wowle Vbm

Field - scales as Il for eonsant cumet a Use km & fl cant Iguration for pole places
-. bee & oen so be fabeced s s single unitCurent - sCls a e for ConstantId eld n: thbe. & ob ned nt be S fm som wals,)
-. Aeasre & eproducb Falcaon
-. Isndd 5tuctxne Possle O.. 1011s t IO s of peiod*Resletance - scales ae 1ke -. *VW 06 yids NblUl ulom wor Oid

0 Calculations Indicate uniform fields up to . 2kG can
Voltage - constant for consant fild be generated with a 1mm period HREEL wlgglr

Power - soals as e for constant fild 0 Fabrication: Existing methods provide reasonable
cost and fabrication time

Power Dety - scatle as lIt -.p Wtgglor periods down to - Im:
:esnyser cntroaed n oddq md nd"

Cooling - scales as IM powwerily mooe-ean~S) .omuos -1-vk-D

-w Wiggler periods less than lmm:
* lweor dds
• mealy. lesnl

Basic Concent for uREEL Wialer

laberest Usmifndtj of I.-RREL Wigulr
Top View

is

Side View onduct or s Motor

*I 2 3 4 a 5 a 9 Is

bsPeak Numbw

,REEL Based Proo-Of-PrIncip efE hrjm~ni

Sumnmary
Experimental Goals: Investigate low-voll; ge, high-frequency FEL

operation utilizing siall period wiggler
r o cilstor 0 A WIGLER DESIGN SCALABLE TO MM- & SUB-MM

Configuration: ht electron beam PERIODS HAS BEEN DEVELOPED

linear isREEL wipjloTErn wevoguide .T do interactioncavity structure an 'added A PROTOTYPE WIGGLER HAS BEEN BUILT AND TESTED
AND PERFORMANCE IS IN GOOD AGREEMENT WITH

Parameters: current -2A CALCULATIONS
voltage - 2.5a, (Vwiggler erlod - 1  

m A .REEL WIGGLER TEST UNIT HAS BEEN
frequency - 3sG eu. DESIGNED WITH A 1 .mm PERIOD AND IS
fru length - psoc BEING FABRICATED

eRF - 2-100 Hz
Calculated Pertormance: gain - 100% per pass for 100 I.w 0 INITIAL CALCULATIONS FOR A LOW-VOLTAGE FEL(unontomizil) power - a 2.5 kW extraction EXPERIMENT BASED ON A p.REEL WIGGLER INDICATE(zero velocity spread, untspored) INTERESTING PERFORMANCE LEVELS ARE POSSIBLE

IN THE MM-WAVE AND FAR-IR WITH EXTREMELY
COMPACT sYSTEMS

Status: bREEL test piece presently being fabricated
caicultlons to optomize performance underwsy

Work supported by Office of Naval Technology and Office of Naval Research
t Laboratory for Plasm Research, University of Maryland, College Park, MD 20742
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P2.25 FEL PERFORMANCE WITH PURE PERMANENT MAGNET UNDULA TORS
HA VING OPTIMIZED ORDERING

R. A. Cover, B. L. Bobbs, G. Rakowsky, S. P. Mills
Rockwell International, Rocketdyne Division

6633 Canoga Avenue
Canoga Park, CA 91303

The degradation of FEL performance by field errors can be greatly mitigated in a pure permanent
magnet undulator by appropriate ordering of magnets. Monte Carlo techniques have been used to
obtain such optimized ordering for various systems. The resulting performance improvement has
been evaluated using the Rocketdyne simulation code FELOPT.

INTRODUC'i.DN: Pure permanent magnet (PPM) undulators are SUMMARY: The results show that optimized ordering generally
ideally suited to computer optimization because of the absence of results in substantial improvements in FEL performance, often
high permeability pole pieces and because of their modular yielding efficiencies almost as high as if magnet errors were absent.
construction using interchangeable magnets. The cost function used
to assess FEL performance during optimization must, however, be OUTLINE OF PAPER:
fairly simple to allow practical computation times. It is therefore - Structure of simulation code FELOPT
important that realistic simulations be used to verify the effectiveness - Error model
of the optimization. * Results of simulations

cftrtxtt[, _o_imulation Code FELOPT FEL Eguations of Motion

Electron parameters (x, y, %, Py, y) initiated by a random number Electrons Y _-- F0 aw F sin (V +(,)
generator consistent with a given emittance and energy spread. d-z -2 me2  °

Electron Trajectory Equations: d.y _-- _[l + -- +_w +
IT 2"? 2

d~y~ a_2 k,. 2  dy2L J
dz - y dz- Optical Field

E = E.(Tf) exp(ip Cr))d ~ . k. 2 dx i2
2ik. + V' A FB, J., exp(i4dz 2k7 dz a4  /

Magnetic Field Field resolved in (rO). Electron and optical field equations
By (f) = Bo) (I + I k, 2y2 + 2. k,2x2) integrated using 4th order Runge-Kutta algorithm.

Eror Mdel Error Treatment in FELOPT
Kincaid Model [I] Elliott and McVey [2]

= B c(z) cos kIz da

dz= (-dT- z + C- (z)' --
dz dz L=o ) ti

c(z) constant ,, over interval
where Az is the integration step. Set of errors AB are generated

(2n - I) xr2 5 k.,z !5 (2n + 1 ) it/2 by annealing code [31 with a given seed. Set ordered in this work
to minimize phase errors: errors in 4P caused by AB.

:(z) has zero mean, zSD = RMS error

m ABy dz' = 2z(z) ay [1] B. M. Kincaid, J. Opt. Soc. Am. B 2 (1985) 1294.
J 12] C. 1. Elliott and B. D. McVey. "Analysis of Undulator Field

Errors for XUV FELs," Conf. Undulator Magnets for
over a given X.j2 interval Synchrotron Radiation and FEL's, Trieste (1987).

[3] B. L. Bobbs et. al., "In Search of a Meaningful Field Error Spec
i-ul Uidw"iaula tills Uiull.
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Table I Table 4

FEL Parameters for 4 m Wiggler System FEL Performance with Different Imput Power

No intrinsic focusing in wiggle plane; k,, = 0. Electron beam WFE = 2%, Seed = 25

emittance-matched in y-z, focused to waist at center (f wiggler in x-z.

Wiggler Length 4.0 m P rl (No Errors) i (Errors)

Number of Periods 160 (%) M M

Optical Wavelength 0.8 A.m 2 x 109 7.8 7.6

Magnetic Field 6.0 KG I x 109 3.2 3.4

Electron Energy y = 175.3

Optical Waist 0.054 cm 5 x 108  0.9 1.1

Emittance 7.0 x 10-* x m-rad I x 108  0.2 0.2
Electron Waist (r1 = .02 cm, rx = .03 cm)
Optical Power 2 x 10 W Optimization is not affected by operating at optical powersOuptal P r 2away from the design poinLCurrent 500A

Resonant T 36'

Table 2 Table 5

FEL Performance for Different Sets of Errors Extraction Efficiency with Untapered Wiggler

WFE Seed Extraction Efficiency Seed = 25, y = 175.5

(%) (%) WFE Input Power = 107 W Input Power = 10 6 W

0 7.8 (%) Peak Extraction Peak Extraction
I 25 (Not Sorted) 03 (%) (%)
1 25 7.8 0 0.52 0.54
1 99 7.8
1 75 7.7 1 0.50 0.56
2 25 7.6
2 75 7.4 2 0.40 0.43
3 25 7.2
3 75 7.1 3 0.32 0.37
4 25 6.2
4 75 7.0 4 0.33 0.30
5 25 5.7
5 75 5.8 5 0.19 0.12
5 99 6.7
5 50 6.0 Optimization effective in small signal as well

WFE = RMS Wiggler Field Error as in high extraction regime.

Table 3 Table 6

FEL Performance with Retuning Wiggler Performance with Interpolated Field Errors

WFE Seed Il Y ' T12  L, = 10 m, N, = 500 Periods, y= 289.2, B = 8.5 KG,

(%) (%) (%) i= 100 A, =0.3 m, P, = 5 x 109 W, Seed = 75, Tr = 10-30-

5 25 2.6 176.2 5.7 WFE(%) 0 1 2 3 4 5
5 99 5.5 176.1 6.7
5 75 4.4 176.2 5.8 y 289.2 289.2 289.2 289.2 289.8 290.1

5 50 5.1 176.2 6.0 Initial Steering (mrad) 0 -.02 -.06 -. 11 -. 15 .08
4 25 5.7 175.9 6.2
4 75 6.8 175.8 7.0 Extraction Efficiency (%) 8.3 8.2 8.3 8.2 7.9 7.4

For larger WFE, optimum performance requires retuning system Fractional error e(z) in Kincaid model interpolated within half
(changing -, B, k, or k) to compensate for phase error AT - A(Opx) 2 .  periods. Initial steering and retuning necessary for longer
For these cases no initial steering was necessary. wiggler.
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P2.26 INITIA L RESUL TS OF OPERA TING THE ROCKETD YNE UND ULA TOR
IN A TAPERED CONFIGURA TION

Mark Curtin, Anup Bhowmik, Jeffory Brown, Phillip Metty and Wayne McMullin
Rockwell Imr1 neational, Rocketdyne Division

6633 Canoga Avenue, Canoga Park, CA 91303
and

Stephen V. Benson and John M. J. Madey
Stanford Photon Research Laboratory

Stanford University, Stanford, CA 94305

The near infrared Rocketdyne/Stanford free-election laser uses a very high quality, precision
undulator whose gap and magnetic field taper may be continuously varied. The FEL utilizes an
electron beam supplied by the Mark III if-linac at a nominal energy of 38 MeV. We have recently
operated the FEL as an oscillator and observed sustained oscillations as the undulator B-field taper
was continuously varied from 0 to 10%. Details of the experimental results will be presented.

ROCKETDYNE UNDULATOR PARAMETERS ROCKETDYNE FEL TESTBED AT THE STANFORD
PHOTON RESEARCH LABORTORY

UNDIJLATOR TYPE -'JRE REC HALaACH CONFIGURATION

MAGNET MAATERIAL. S..Co, (Va~a. 170)

MAGNET 0IMENSIONS 05 0 5.50 (cm, IAGfM1IC I DIAGNOSTICS
FOR 09MLAIGN I 70* OICL"TI0

UNDIA.ATOR PERIOD a 5 (mRI I NURMI I------

UNDIJLATOR LENGTH 200 (M,0 o, T c KI~ M~E ~R A64RIffVR

# OF PERIODS 80SAR)~i

MAGNETIC FIELD RANGE 70B(G

MAGENTIC FIELD TAPER RANGE 0% .75% (IN PEAK MAAGNETIC FIELD)

THE UNOULATOR CAN BE CONTINUOUSLY GAP TUNED BY OPENING BOTH ENOS OF THE .-- F
UNDULATOR IN UNISON

*THE UNDULATOR CAN BE CONTINUOUSLY TAPER TUNED BY OPENING ONE END OF THE
UNDULATOR RELATIVE TO THE OTHER

PURE PERMANENT MAGNET WIGGLER MAINTAINS ELECTRON! BEAM PARAMETER TABLE
ACCURATE ELECTRON TRAJECOTRY OVER A WIDE ______________________

RANGE OF GAP AND TAPER SETTINGS
RF PARAMETERS

MEASURED MAGN4ETIC MELD CALCULATED ELECTR" TRAJECTORY
FREQUENCY 2867 M-Iz

-REP.RATE 15 Hz
-MACROPULSE 5 11SeC

- LNGLENGTH -2 pAst

E-BEAM PARAMETERS

-MAC ROPULUSE CURRENT 200 MA
*MICROPULSE CURRENT 36 A

.00NORMAI IZED VERTICAL EM1TTANCE 2x~ mm-mrad
NOHMALIZED H0HZCNTAL
EMITTANCE 10x mm-mrad

---- ENERGY 38.5 MBV
ENERGY SPREAD < 0.5 %
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PEAK INTRACAV!TY POWER INCREASED BY A FACTOR OF A SMALL SIGNAL GAIN OF 55% PER PASS WAS MEASURED
3.25 AS THE B-FIELD TAPER WAS INCREASED FROM 0 - 9.6% IN THE UNTAPERED CONFIGURATION AT THE END OF THE

EXPERIMENT. A CAVITY RINGDOWN MEASUREMENT
UACAOPIA.SE TRACE MACROPUL.SE TRACE YEDD95 ONTI OSS
AG ocToA AU-GE DETOR YIELDED 9.5% ROUNDTRIP LOSSES.
FWHM - 2.75 OCROSEC Pam - 0 W IiCROSEC

PYROELECTRIC DETECTOR PYROECTRIC DETECTOR

E4ERGYIMACROPULSE - 34 IJ ENERGYJ5ADROPULSE -Z4 W

Gap - 0.76 cm Gap - 0.76 cr
Taper - 0% T 0%
50 rn/dv1 nIw/div

CAVrrY LOSSES OF 9.3% SUGGEST RESONATOR MIRROR DAMAGE
WAS PRESENT FOR THIS RUN. [ CAVITY OUTCOUPLING = 0.5 % I

&FIELD TAPER- 0% &FIELD TAPER - 9.e6.

FEL LINESHAPE TAKEN AT A 9.6% MAGNETIC FELOPT CALCULATIONS FOR THE TAPERED
FIELD TAPER SETTING UNDULATOR OSCILLATOR EXPERIMFNT

ELECTRN BAM
' 75.54
PEAK CURRENT (AMP) 35. 30. 25

04:.1 SP.etm .t 34kd . . ........ ENERGY SPREAD (%) 0.5
RADIUS (CM) 0.04

TAPERED WIGGLEFR

LENGTH (CM) 200
PERIOD (CM) 2.5
INITIAL MAGNETIC FIELD (KG) 3.7
MAGNETIC FIELD TAPER (%) 9.6

1' OPTICAL RESONATOR

OUTPUT WAVELENGTH (IM) 3.0
RESONATOR LENGTH (CM) 314.8
MIRROR RADIUS OF CURVATURE (CM) 175.535
OPTICAL WAIST AT WIGGLER CENTER (CM) 0.0714

W~mr(miums TOTAL RESONATOR LOSSES (%) 9.5

RESULTS
PEAK INTRACAVITY POWER (MW) 184, 156, 128
EFFICIENCY (%) 1.52, 1.46. 1.40
GAIN (%) 11.2.10.8.10.5

ENERGY EXTRACTION MEASUREMENT RESULTS FROM THE TAPERED
WIGGLER EXPERIMENT

WA4NTC hCTA

O E MAW9.1

. DEMONSTRATION OF 1.5% E)XTRACTION EFFICIENCY AT A MAGNETIC
OCE TOVDN UPND(A-TOC FIELD TAPER OF 9.6% FOR 140 MW CIRCULATING POWER

WATER COOLED

A is " DEMONSTRATION C A 325 FOLD INCREASE IN INTRACAVTY POWER

DEMONSTRATION OF CONTINUOUS LASING WHILE GAP TUNING THE
MAUIWINT PIOC CJUm - UNDULATOR BETWEEN 3.7 kG AND 2.6 kG
11 TIVAN* E AVGE EF03Y JM OF TIAPP 0ELECTRONS U303 ;WTAE mA~

IEA MANPF TIC SP CI R TER 0% CTt 'FOItOWINGTH 0 MAGME T
UFCAAATOR vWFA=SUI*.T DEMONSTRATION OF CONTINUOUS LASING WHILE TAPER TUNING THE

P PO1TION " ECTRON BEAM 3O THAT TRPPOEtFCTROMSL IF UNDULATOR BETWEEN 0% AND 10%
OUT SIM1 HEP E(FGYACCEPtAha OF THE 90WDOEE DMIE
MAGNET

S OETUff THE CTICAL CAVWYANDOASUlE THE MACR1A SF
CHA US0ING ruE BEAM DUMP TG OAOR)POE

AF METUNE THE OlCAL CAVITY AND MEASURE THE NACl EID SF
CHARGE ASSOCIAT D WITH THI UTRAPPfO FIt CTHOMS USING THE
K AM DUMP TORICI) (MEASU&fD 5% TRN'PIC(

SI T E OIFT I9NC OF THE TWO4RD ME U[MFNTS Yl:DS THIE
INUIMMR OF TRAPPE D t El CTRONS WIUCH VIN C OR ED WITH THE
AVERAUS FF FRYLOSS IMOCTFF9APFO N #') RESUTS N -1 S%
F XTRACTCi FICENCY AT 9 0% MAGNE T C, IELDTAPE It
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P2.27 Fundamental Mode Amplifier Performance of the NRL Ubitron*
D. E. Pershingt, R. H. Jackson, H. Bluemtt , and H. P. Freundttt

Naval Research Laboratory
Washington. D.C. 20375

Operation of a ubitron/FEL amplifier using the fundamental wiggler harmonic interaction with the
TE1 1 circular waveguide mode is reported. Small signal gains as high as 17-19 dB have been observed in the
13-18 GHz frequency band. Gain, efficiency, and bandwidth results to date, including comparisons with
theory, will be presented.

DESIGN FEATURES OF THE NRL UBITRON UBITRON EXPERIMENTAL PARAMETERS

* PULL MTANTAMOJS BANOW10D11 AMPUREN peetDsg

* DCAXIAL. PUUMEOW4IMOEMAGNEIICRELDS Voltage (kV) 190-250 250

9RPTTV UNOEAINCurrent (A) 0-37 301100

Deem Radius (cm) 0.4 0.4
* HIGH GUAUITY, HIGH CURRENT ELECTRON BEAM

1110014110IILA KLVS1RON GUN Puts" Length (laSoc) I I
ADVANCED GUN Repetition Rate (Hz) 3-30 1-100

* HMO1 GAUN PER PRE SPACE WAVELENGTH Wiggler:

" 1601 KIROCIN IN UNTAPERED COIURAION Period (cm) 2.54 2.64
VARIASS POL.ARIAION INPUT AF WAVE

* PFetLAM1Ai WAVEIUIE MODE OPERATION WIT Entrance (OC. Pulsed] (perilods) 5, 4 5

HEIALWIURWT AIIATCETRNEUniform (DC, Pulsed] (Perlods) 12, 10 12

Exit (DC. Pulsed] (periods) 3. 5 3
*F3I.IMBOOULAN DESGN FOR WMATMTANRN Pulsed Field (GaU"s) 578 1500

GOALS DC Field (Gauss) 140 500

TOTAL GAIN .25-30 dB Solenoid (kiloGauss) 1.1112.8 1-3.2

EFFICIENCY 15% Frequency (GHz) 13.6-17.4 12.4-111

BANDWIDTH- 20%

NRL Ku BAND UBITRON AMPLIEFIER

ELETRN UNWATER COOLED SOLENOID (OC) CURRENT MONITOR

BEMCOLLECTOR

WATER LOAOCALORIMETER

CURRENT MONITOR -LUIG COOLr. -IL r ..L. ..IGGLER (PUL.ED)

INPUT COUPLER

%VI'LlISII(UN TYPICAL WAVIEFORMS

--------------- AAWATAfICT*

30

0-U P. .,.N B
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USITRON UNCOUPLED DISPERSION CURVES UBITRON SMALL SIGNAL GAIN

-30A T C
4 a s~%.sl I

I w I~I . . . . . . . . . . ..4 . .. . .. .. . . .. . .. . . .9

IA~ vs wwREGUEN2

:9. ... %h

0 4It 6 2 13 4 i o1

CMAIO:TER nEXEITCOMPARISON: THEORY and EXPERIMENT
GAIN vs. EAN UENTYGI s IGE IL

20 - ag2 Gi

2 025%

gai (B) ..... ........ ........ ............. ......... caing Oda Gan W t em Curan
4 - aponan - 05. scang s aenla~at ul~ CA~er I~(g~0.,gPmp% r '

4 .2 0 ..... .....d..gger..eld .. .....s ... ........... ....ode..

Seencyir (A) Advance Gun (G

Worsup Oe AbytheOfc THOY Nal EPRIEserhadOfieoTaalTcn g
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P2.28 STUDY OF ISA FEL OPERATION
WITH PREBUNCHED BEAM

M.Castellano, A Ghigo, P.Patter.
INFN, c.r 13,00044 FrasCati (Rome), Italy

Superconducting linacs provide beams with low emit- We present a Distributed Optical Klvstmn (DOK) intance and low energy spread, comparable with a sto- which the modulator and the radiator undulator are farrage ring beam. This performance can be exploited in apart, aliowing separate optimization of the interaction
a FEL operating in the Optical Klystron configuration regions. This disposition allows the itsertion of a pulse
which was up to now taken into account mainly to in- compressor, exploiting the dispersive section between
crease the gain in storage ring FEL. the modulator and the radiator, which causes modula-Moreover few constra r i n the design of the tion stretching or shrinking. In this way the modula-Masoroerc fewosraint appl i devien fcomtetion is produced at fixed wavelength by an high power
layout areoeasibf single pass devices, and uncommon laser, and then shifted at the re'uired wavelength be-

fore entering the radiation undu ator.

THE LAYOUT OF LISA DOK THE BEAM TRANSPORT AND THE BUNCHING PROCESS

The layout of the LISA FEL includes a chicane at both The longitudinal modulation in a wavelength \0ends of the undulator to allow the insertion of a short along z is described by
optical cavity as shown in fig. 4.

(b) =lo I ( +2Zi, costmr9))

--sc Twhere

- - and.o.s.e out.ro. t..,tta 2r/ z ''m,
n --- -t (2

o , ,o In the rhs of the above equation the terms

Fg. 4- aation of(ithe DOK elements on the LISA FEL Ot 6t-2_ = 7f-rs" and

The modulating undulator is placed before the chi- account respectively for the path length variation
cane in a straight section where the electron beam can due to the magnetic dispersion and for delav due to the
be squeezed to interact with a focused laser beam and velocity modulation. The harmonic amplitude growth
gain periodic energy modulation 6-1 = ,6-yosin 0 . In in the path from the modulator to the radiator is given
the path to the radiating undulator both the free space by
drift and the dispersion in the chicane cause the onset i,(z) = J,(mq')
of longitudinal bunching at the laser wavelength A0 . The emittance causes path length variations uncorre-

lated with the energy modulation so the bunching will
be smeared after a long drift space The path lengthen-

WAVFIT!-NGTI I S1 IIITING ing due to emittance is given bv

di -Z nz: sin 2 (z)dFxploitinms the distance beltwen the modulator and I= d - z 4dz < # >
the radiator an RF cavity can be inserted to add a lin-
ear energy variation to the beam already affected bv the where the simplifications
periodic energy modulation. The schematic is shown in

fig. 5 ,_.,., ,. fli=<O> and < sin2  >=

have been used in the last expression.
- -L - In the layout shown in fig. 4 the distance z betweenf- the modulator and the radiator is : 8 m, < )3, >z lore

and < >: 3m. The LISA normalized emittance i'.,? i',,' ' " 0 -rad in both plane-, and the nominal energy,
is 25 MeV, The path length variations are

z(c) = 4. 10-m and bzpr,,) 13.10 R rn
so their effect is alvays negligible in the I Iinge

Ii',: *; l q ;,.Iosc co,.I pr!s r Viitt hl,-ti
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Assume a pulse of length 1p; its center passes the RF The arriving time vs starting time from the modula-
cavity when the field is zero; the energy variation at the tor to the radiator is shown in fig. 4 for beams linearly
ends of the pulse is modulated at F = 200,U = 0 and F = -200. The corre-

sponding arriving time distributions are shown in fig.7.

b-1i n -i ".m = ei' sin (WPCIPl )Al e "wpclb

The energy modulation along the pulse is

In this case the -4 sin 4io).

In this case the dispersion of the chicane causes pulse
lengthening or stretching while keeping the periodic EO
modulation. A second RF cavity inserted after the chi- "
cane cancels the strong energy modulation impressed - (b)
by the firstone. 2 -

Assume that the RF cavities are just aside the undu- ",.c
lators so that in the bunching process described by the
eq. (1) it is possible to replace 6 y&,od - b-YT; then -4 -2 0 2 4

S=0+ A0 0 +artng time t rro modulator 200
I rip s Fig. - Arriving time vs starting time at F =-200

(a)X 0 (b) and r 200 (c).
The final wavelength of the density modulation is

I=A l -- - S o

A = AO0  + Tr ) sr p40 .....

In order to cancel in the cavity RF2 the modulation 20
given by RF1 before the pulse compression their fields 0 ,_,_,___...._________
must be in the ratio 150

VRF2 AO 'WA 0  1

V-RFI A WlP + TrA0  5o -.. . .

HARMONIC COMPONENTS OF THE MODULATION o00 .
The profile and the harmonic components of the op-

tical modulation of a pulse stretched or shrinked re- 4Co
spectively at F = -200 and F = 200 are shown in fit 200
2and 1. The bunching parameter I is kept fixed at t e - .-

value which maximizes the fundamenta harmonic of 0 ,- 00 600the modulating laser. The higher harmonic amplitudes
in fig. are unrealistic since the debunching due to the Fig. 7 - Distribution of arriving time at F =-200 (a),F =
emittance has not been taken into account; moreover 0 (b) and F = 200 (c).
6
hnod >> £

5'Yspread has been assumed.

2 ooo

>20 2.0 300 -100 0 100 300

200 0. _ 0 A.. -- 0o

, , ;I] I I I

2 >" P 2t0, .4 - : 0 o A& & - -. 00. 10 0 p r a,0:Pmod .00 G&MAl - 00.

_-.ABCA L? 480 M onJ - 0 4 LAMBDA IST HARM ( fI- - 15.1S

i3 3o 40 00 s to 20 30 0 so

Fi g, Profile and harmonic components of a pulse Fig.9- Profile and harmonic components of a pulse
shrinked at F = -200. stretched at F = 200.

155



P2.29 A Proposed FIR-IR Metal-Grating FEL Experiment

J. Walsh. E. Fisch. E. Marshall. E. Price. Y. Xu
DNpaunt of Physics and Astronomy

Dartmouth College
Hanover, N.H. 03755, U.S.A.

G.P. Gallerano. A. Doria. A. Renieri M.F. Kimmiut
Dip. T.I.B., ENEA Department of Physics
Frascati 00044, ITALY University of Essex

Colchester, Essex C04 3SQ, U.K.

A FIR-wavelength, RF-accelerator-driven, metal-grating (MG-FEL) experiment is proposed. The resonator will be
an open planar structure, loaded with a narrow strip grating, and terminated with cylindrical section mirrors. Both continuous-
grating and split (klystron) configurations will be considered. S The 0perating WVaveienezh i

The Me" Gralol Free Eleetlm Dispersion Curve

D I- kLc - ,

SyncIroism
(ii =

Tuning

""DTI2 t L. , d- s -'L- = 0

- j" Wavelength Scaling

- . the angular frequency v the beam velocity
L the axial wavenumber d the Slot depth

L the grating period s the slot width

Energy Stortne and Power Flow b - the chantel height

Poyaming Theorem (Complex Form) MG-FEL Scalind Relations _

--. f ' E dV= -f 5-d& Compton.Collective Crossover ,aL = I)

bcan .uiadimgall losesl Jb iA/cI -l :T ' {

Energy Storage CaPacitOY

--- fltl dV Spatial Gain Collective Liitu);6 J13 1 3
4X Jc .LF

a cL = -.- i L
C v- C' I-° E= aMlong D =

Trapping Sepwruriz (Collective Limit)

C M_ C l kL L .I Ir I Y 53 r Uit 3
C j c06(cm I , F

Beam Conductance

R. J-* ,dV F

j '(O" or 61

V, = EoL. E, = slot field. L.w : grating length. width I3y
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..5 _ _ _ __ .10000 0.5 _ _ 000

o.4 1\ , 0.4 ' 00

- - C, _,-. :-~0.3 to / N ( 0 K 3 4_-'. , 00

O. - / /-,. , -!.:

-Z-0 . I 1 0 I I 'l.lw : m aLu .:
0 (DA0

0 0.2 0.4 0.6 0.8 1 0.01 o. M,,.:

Dispersion and Relative Capacitance Tuning and Relative Capacitance
The curves defined by D -0 wh dE 0.4,0.8 ae The function D 0 evaluated along the line defined by (o =

displayed for an open-topped resonator (right axis). The kv, where v is the beam velocity is displayed as a
associated relativp ¢apacita, ce (left axis) curves are also function of the beam's relative kinetic energy. The
shown. parameters are the same as those in the dispersion plot and

the relative capacitance is also displayed.

0.5 o0000 0.5 1 :0000
_ p1000 0 - 1 0 0 00.40.4 100 -t/oo

0 . 2 '- 0 .2 4-"2

0 0..O 1 0.01

0 0.2 0.4 0.6 0.8 1 0.01 0.1 1O

The Start CuI rent Density: 1 The Start Current Density: 2
The current density required for threshold at the point where the The current density required for threshold is displayed as
exponent in the spatial gain (cL.) is unity is displayed as a function of the beam's relative kinetic energy.
function 7f the phase shift per slot.

Accelerators*

2.3 MeV Linac
LE - 2.3 MeV ; M " 4 jis (macropulse)

I - 200 ma (avg.) (Jb = 254 A/crm)**

5.0 MeV Micro(ron
EE - 5.0 MeV; M - 2 psec

I - 100 ma (Jb = 127 A/cm )

* The radio frequency gun (K. Batchelor et al., NSLS pub.

BNL 41766) might also make an excellent beam for MG-FEL
investigations.
** Assuming (YbX = 0.1 run, C'by = 1.0 mm in an elliptical
spatial distribution.
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Pr2se30 for a Soft X-Ray FEL Powered by a Relativistic

H. D. Shay, W. A. Barletta, S. S. Yu, E. T. Scharlemann, R. Schlueter, and G. A. Deis

Lawrence Livermore National Laboratory
University of California, Livermore, California 94550

Recent advances in the technologies of high gradient linear accelerators driven by relativistic klystrons, of
high brightness electron injectors, and wigglers with small random field errors and with accurate beam steering
suggest the possibility of developing a soft x-ray FEL based on the architecture of single pass simplification from
spontaneous noise. This paper examidnes the selection of x-ray wavelength and FEL power for several applications
and the implications in the technology requirement.. Relatively compact designs are proposed which balance the
requirements for small electron beam emittance, small energy slewing, high energy, high current, and small wiggler
field errors. Other authors have previously considered similar architectures, but without the proposed use of high
gradient acceleration. We also show the influence of 3D effects on the choice of designs.

*Work performed under the auspices of the US Department of Energy by the Lawrence Livermore National
Laboratory under W-7405ENG-48.

Architecture under consideration: 05 Design parameters and Issues: E
" K~lh brightness Injector

-M .ttaMe - 15.40 mmm1111rad demonstrated In photoinjector (LANL)
-pulsecompressn to- 1ps may resut n npeak CUrrents OW 1-10kA *51/2 - 2 GeV

fRlativistic klystron RIF high gradiert aceeao 01 - .wtrE4adL.0
-1000eV/i = acclerto legh - 10M 10 .ea

-100 MeV/r led dmnMae (LLNLISLAC) *I0.300. 19 MA

" Skle . W'Iger antllfer .6 E/,eegysra I1W1dh pulse coffpreeaion
-linearlty polarized
-short Period m ay require superconducting codle and/or crygenc*Ltoe

rare earth pole types wet
-no tapering of magnetic field raquired: In exponential gain * -s CM

" Growth 1mmi spontaneous noise *as Ha"Wah nit 03r*c
-beemn noie level ! 1 W - 2 a lAlbac limit @ cryogenic tamperatures

*1-45A. near ca-bn edge (5 11/89)rm Gold errors 1023
- for holgaphy, xj 4sA * ire ,,! 1-1o MW, single pulse ofz teigero, &/ 0

-1.10 pa x teigefl Tr,

*Spatial beam Jitter -C ax

Gomwth 1rom beamn nols skews -herowiuo
Short wgler period results In higher gain I q trievolution

10, F-

s/s0A0
ME aL,6

I-IA

so lad . 80AO

W obe158



Gain vs. brightness Gain vs wiggler field error
lotp S". FRE-I0

to, FREDS3

*~o 10 20e

To iskIA ME404 - mA

* og 2cm
ClgI cm wiggler "SOA" L32.212(red-m)

I-no dae errs 1%@IV 2.6 E 0.1%

1.' ret~ive wifgler error. 1.041f1I

FELis oretolran ofelectron energy
spea a hgercuret NTuin fr150A and ushng 3rd harmonic i

F0 RE~D olNTE

ag M fr A

oEO .4h

I
I kA

0 1U 1~0 OA60 0 loo

duEI Www pae I-)

About 95% of power In TEM 00 spatial mode L
HighI coh...ren Output characteristics of FEL permit x-ray holography 13

* . L-50o A; ~awx 0.2%; flly tunable In).

lose PW30 - Instantaneous power- 10 -10'P w
. A*'toV . Beam radius at exit of FEL - 100 Int

118. :m~wd .OBearn divergence at exit of FEL - 20 lind
ION djlS1%, . Specral brillance 2 x102 - 2x 10" photnsd(Sec -mm 2 

mrad2 0.1% BW)

ie TBe I Pulse length.- 1-10 Ps

Md 0.1-1 m.J/pulse (2.5 x 1012~ 10"o photons - pulse)

qrW~elY. *Highly coherent
10'1 - Transverse coherence: - 85% 19 TEMaO mode

heee~tgeaineey- Longitudinal coherence: 6, - -2.5 jzn
ANIA11.6Rdeo

10 .o - Completely linearly polarized
M.1 .... Reptition rate - 1-10 I~t

100 m - - -

0 S 10 15 20 25
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P2.31 DESIGN OF A HIGH-CURRENT INJECTOR

FOR THE NIST-NRL FREE ELECTRON LASER*

R. I. Cutler and E. R. Lindstrom
National Institute of Standards and Technology

Gaithersburg, Md 20899
(301) -975-5607

S. Penner

10500 Plne Haven Terrace
Rockville, Md 20852

The electron beam of the NIST-LANL Racetrack Microtron (RTM) is to be
used to drive a free electron laser and for other applications. We have
designed a new injector for the RTM to provide the 3.5 long, 7-14 pC electron
beam pulses required for lasing. The new injector consists of a pulsed, 120-
keV thermionic electron gun, a subharmonic chopping and bunching system, and
the existing 5-MeV RTM injection linac. It has been designed to produce a
continuous train of electron pulses at 5 MeV with a normalized transverse
emittance of 5 mm-mr and a longitudinal emittance of 20 keV-degrees for 95% of
the beam (for 7 pC) at repetition rates of 66.111 or 16.528 MHz. Thcsc two
frequencies are subharmonics of the fundamental accelerator frequency of 2380
MHz. The new injector will also produce lower emittance beams at lower peak
currents at the fundamental frequency.

INJECTOR SCHEMATIC

ELECTRON CHOPPER lUNCHER TO CAPTURE INJECR OUTPUT
GUN (120 kV) APERTURE SECTION DRIFT 5 ps 14 PC
300 nA PENk. 2 ns PULSE 70 ps, 300 nA PEAK KAN BUNCHS TO 5 Nov
a ".I1I MHz 14 pC 15 PC

G L A L C L AL (C L L CAPTURE L PRE-ACCELERATOR
U I1211 3 23 a4 5 SECTION 6 SECTION
N A B 2380 14z 2380 M4Hz

CHPE CAVITY ___ CHPPER CATY 1STDELE.ICTION 6 119I0 M-z CANEL MIT IST 190 tz

Y DEFLECTION 6 7933 P CAVITY DEFLECTIONS
CAUSES lEA1 TO PRODUCE
THIS PATTERN AT APERTURE
AR. POINTS ARE IL7 ps
(10 DEGREES I 80 *Hz APART -(

160



PARMELA-CALCULATED BEAM PROFILES

T

R P
A R
N 0 .4

V I
I L 0.
R E
S
E

(CM)( ) -. 4

A L L B L CAPTURE L PFE -ACCELERATOR SECTION

L so 3 4 U 5 SECTION 6
0 B N
N P

GOR 30 i
U II. ,

N II
A 30L I

b) -00 III

0000 300 40 20 0

DISTANCE FROM CHOPPER APERTURE, CM

OUTPUT EMITTANCES FROM
PARMELA FOR 95% OF

BEAM PARTICLES

CHARGE TRANSVERSE LONGITUDINAL
PER EMITTANCE, EMITTANCE,

PULSE (NORMALIZED) keV-DEGREES
pC mm-mr

0.25 0.7 5

7 4.3 17

14 6.1 34
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P2.32 TWFEL - a hybrid TWT/FEL interaction

Eli Jerby
Faculty of Engineering, Tel-Aviv University, 69978, ISRAEL *

ABSTRACT
A concept of an hybrid TWT-FEL device, operating in the mm wave range with low energy e-beam, is presented.

The TWFEL consists of both periodic waveguide (with period AV) and a planar wiggler (with period A.). It is shown
that when A. = AV, the parametric interaction is composed of a double FEL interaction and a TWT interaction,
all of which are in resonance with three different spatial harmonics. Simpler TWFEL schemes are presented for
A. = 2Ap (two harmonic interaction) and for A. > Ap (single harmonic interaction). A 2D model was derived to
analyse the TWFEL features in the various regimes. A conceptual TWFEL scheme is proposed on the base of a
folded-foil wiggler which functions also as a periodic waveguide.

hybrid

TWPEL
TWT FkL wiggler

+ I 1 I I A I __ o I I I i
periodic waveguide.

Three operating regimes are distir ;uished,

A. Aw : AV FEL interaction with one harmonic
FEL

the FFL synchronism with the n' harmonic in

(D.) kw-0

the coupling parameter with the Yth harmonic is

_-k2V j .j, - OlnBezn/-2  (The spatial equivalent of the FEL

4Fc 2  
" e 23 -2 knwn JJ term for higher harmonic

Though the interaction occurs with one harmonic, the amplified power is divided to all the har-
monics and therefore the net gain is smaller. However, the advantage of this scheme, as the other
higher harmonic schemes, is that the e-beam energy can be smaller as the order of the harmonic is
higher. Moreover, some reduction of the e-beam energy can be achieved also with the fundamental
harmonic, depending on the specific dispersion condition ( similar to the Gas-Loaded FEL 141).

• Present address - Res. Lab. of Electronics, MIT, Cambridge, MA 02139
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B. Aw = 2AP FEL interaction with two harmonies

FEL 1 ' (-i - kw O, 

FEL 2 - P-+ - 0,

the coupling parameter includes now the contribution of two harmonics as follows:

2 , 2-1(n~ L C2n rCnG~ fin +tnLn #fn 2,22 + Pfil 2_4fiC2  
2m i - z 2 1,"n.n+I C m'+ 2 S. I .+i+++ I B. ,,+ Z

One may identify in the coupling expression terms for each harmonic, and also a cross term for the coupling

between the harmonics due to the FEL interaction.

C. AW = A, TWFEL interaction with three harmonics

When A., = Ap, the TWFEL interaction is composed of a double FEL interaction and a TWT interaction,

all of which are in resonance with three different spatial harmonics.

FEL I f.-- - i- kw - ,

F b 2. " + ,
TW T : TV - 8 -0

FFL- - -,8+1 + kw - ,

The coupling parameter for the TWFEL interaction includes the contribution of three harmonics as follows

02

Kn-i.n.n+I = f> am m- 2e -

m,

rn II
{4/3n 2 2 2 +nnfn+2 '*,1e2.n n ~e+ 0n.+2fi + 2nt2.~ z,+

2/+

+an+#n+ Iez,,+, }
The additional last term in the coupling expression in this case is equivalent to the TWT gain

parameter, accepted in the Pierce equation [3,5] (which is essentially the denominator of the gain

dispersion equation (12b)). As in the previous cases, the TWFEL interaction requires lower energy

e-beam. The coupling is emphasized by the three harmonic interaction, thus a lower current is

needed to acquire the same amplification.

163



The TWVEL inetraction and the miniature wiggler concept

COAXIALLY FED FOLDED FOIL ELECTROMAGNET WIGGLER 10

functions also as a periodic structure waveguide :

(Aw = 2A., scheme) conducting foils

Copper foil windings

periodic waveguide

A 2-D model of the TWT-FEL interaction is presented in Ref.EIIJ . The features of the

TWFEL are analyzed in t he various regimes. A conceptual design of a TWFEL is presented,
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P2.34 Status of the JAERI FEL System

M.Ohkubo, M.Sugimoto, M.Sawamura, K.Mashiko

E.Minehara, M.Takabe, J.Sasabe* and Y.Kawarasaki

Japan Atomic Energy Research Institute
Tokai-mura, Ibaraki-ken, 319-11 Japan
* Hamamatsu Photonics Co.

Abstract
An overview of the JAERI FEL program and the status are described.

Design and construction of the JAERI FEL system based on a super-

conducting linac are continued aiming at FEL oscillation in 10 20

um infrared wavelength. A part of vacuum system, a sub-harmonic

buncher and a buncher have been fabricated.

JAERI FEL System

(Phase I, 1987-'92)

Optical

Measurement
System

Undulator &

Optical Cavity
i/ / \ Shielding

Sei \ Electron Gun

Superndcet (25MeV) Sub-Harmonic

main Acaelerator Solenoid Coils Buncher

Beam Diagnostics /Buncher

Superconducting

Deflection Magnet Pre-Accelerator

165



Energy Measurement of the Electroni Beam
P2.35 Beyond the PALADIN Wiggler*

T. J. Orzechowski, J. A. Edighoffer,l, P. Lee,* T. E. Smith,
Y. P. Chong, A. C. Paul, and J. T. Weir

Lawrence Livermore National Laboratory
University of California, Livermiore, California 94550

An electroni beam spectrometer has been deployed at the exit of the PALADIN wiggler. The dispersed electron
beam is monitored by observing the Cerenkov light emitted as the electron beam passes through a quartz foil. We
present energy spectia under lasing and nonlasing conditions and compare them to the FEL optical energy gain.

*Work performed jointly under the auspices of the US Department of Energy by the Lawrence Livermore National
Laboratory under W-7405-ENG-48 and the DOD under SDIO/SDC-ATC MIPR No. W31RPD-9-D5007.
tTRW, Inc., Redondo Beach, CA
#General Atomics, San Diego, CA

Energy Measurement of the Electron Beam Eeg esrmn fteeeto
Beyond the PALADIN wiggler Eergy easreedo the eAAINwler

J. A. Edigholler, T J. Ornehowek1, P. Lee, T. E. Smifth, Tod Orzochowek1, J. Edighoffer
Y.P. Chong, A. C. Pail, NWd J. T Weir Pin Lee, Tomn Smith, Ye. Plr,

Aft Pad, amd John Weir

L3 Initial meesurementa of the energY lam &drng FEL anpi Mica.
tion, '-',rnskov lgt eMission from a quinu screen vWeod withProeeatod at the gated cenmers with 5 ne temporall resolutilon. With the Preent con-

11th hrternstionul Couderence on Free Electron Lasers higuration, the entergy resolution of Vi . o2% was observed end
ift-Caftan Hotel coverae of if . %. CoMpaleso lasing and non lasing electron
Noosee, Florida energy epectra wlflbe preeen J and compared with FEL optical

energy gain.
August 20 - September 1, 19ON

Electron beam spectrometer measures effect
of FEL interaction on electron beam LN Spectrometer magnet

Law bowmb,4
-La

*e Duon Planeoatr* 2
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PALADIN SPECTROMETER: CO 2 OFF
e..............

6-

04 E =13

E a.6

2 %Z 1.3%

n
0 .. I.I ,I. .

43 44 45 46 47 48

Emu (Mov) R9052AOX-AOZ

Electron energy loss agrees with laser power gain * Conclusion[ High Reshflon Electron Spectrometer

wNeotson will providle 0.1% rehIf
-. s L 1111aured 0.9% *Xtiaction oEIICIency

(uniwimed lecion ist~m~on) tqaer: Ayfy - 0.9%
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E X2.1 The NIST-NRL Free-Electron Laser Facility

R.G. Johnson, R.L. Ayres, J.B. Broberg, R.I. Cutler, P.H. Debenham,
B.C. Johnson, E.R. Lindstromi, D.L. Mohr, J.E. Rose,

J.K. Whittaker, N.D. Wilkin, and M.A. Wilson
National Institute of Standards and Technology

Gaithersburg, MD 20899

S. Penner
10500 Pine Haven Terrace

Rockville, M4D 20852

C.-M. Tang and P. Sprangle
Naval Research Laboratory

Washington, DC 20375

A FEL facility is being constructed at NIST in collaboration with NRL. The
FEL will provide a powerful, tunable light source for research in medical and
materials science. The FEL will lase over wavelengths from 200 rn to 10 pim with a
continuous train of 3-ps pulses at 66 MHz and with average power of 10 W to 200 W.

Supported by the US SDIO through ONR Contract No. N00014-87-F-0066.

-z1~1 ALSE FLO-P

Plan view of the NIST-NRL FEL facility.

OUTUT IGH PRPERIESPHOTON FLUENCE 3-1013 -6.1015 phot cm-2

WAVELENGTH 200 run - 10 pm (1 uun-diam spot)

AVERAGE POWER 10 - 200 W SPECTRAL RESOLUTION 1.4-10-4 - 7.10-3

PULSE WIDTH 3 ps POLARIZATION LINEAR

REPETITION RATE 66.111 MHz SPATIAL NODE TENOO

PEAK POWER 40 - 1000 kW BEAN DIAMETER 0.4 - 1.6 mm~

PEAK ENERGY 0.1 - 3.0 Ap(t1/.mliue

BEAM DIVERGENCE 0.3 - 5 mrad
PHOTON FLUX 1025 -21027 phot cmr2 8-1 (full angle)
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I V V I I I I v

. . . . . . . . OUTPUT EMITTANCES FROM
R TMY PARMELA FOR 95% OF

E I E2 BEAM PARTICLES
END MAGNET 12 MeV LINAC END MAGNET

CHARG TRASVUMLONGITUDINAL
PER EUMANCE, EMMTANCE,

KLSRO UIE(NORMALIED) keV-DEGREES
Ca 7 P mm- r

ELCRN[ !i10.25 0.7 5
GN CNPE L__ INJECTOR

SUNCHER LINAC

7 4.3 17

I 14 6.1 34

0 2 4M

Schematic diagram of the NIST RTM.

NIST-RTM Performance

Original Measured Measured Now Gun
Design 2/87 5/89 Design ---

Energy (M*V) 17-186 8.5 17 17-185
~~erage 880 max 830 max 300 80mx ~.~~---.--

current (MA) cw cw pulsed cw

Micropule 3.5 3.5

length (pa) J30 28 30 *. -

frequency (MHz) 'T -

Macroscopic 100 100 06 100
duty factor M% 0 ~ -..

Energy spread (keV) 50 Is1 40 7jr
Normnalized 10 0.7 2.4 10 X/

emnittance (Mim)

Advantages of the RTM
as a FEL driver

" Good emittance -short wavelengths and *~

uniform filling factor -

e Low energy spread - transform limited llnewidth --

and enhances gain----

"Good energy and phase -wavelength and power
stability stability

" Continuous pulse train -no pulse to pulse
start-up problems 4v~

e Electrons not recirculated - no constraints on
through the undulator undulator

e Broad energy range - broad wavelength range

- - - - -- -- -- - - --- -- -Plan view of the FEL area inciuding the undulator (wigglesr).
mirror positions, beam atop. shielded equipment room, and

aLimited peak current - low gainarafrectobamxpiens
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Undulator Design " 0.5
0 .5 , 

a*Hybrid undulator (SmCo permanent magnets; 0.4-
vanadium permendur poles) 0.3,

*Number of periods - 130 0.2

*Period length - 2.8 cm -.

*Total length - 3.64 m .~-0.1

*Maximum magnetic field - 0.54 T *-.
S-0.3-Minimum gap - 1.0 cm 20 -0.4.

*Taper - 0.5 mm/rn -0.5

*Vacuum chamber aperture - 0.86 cm (vertical) 0.0 . ~ . . . : .
16 c (hoizonal)Distance 

-z (cm)
*Opertion in full or halt-length mode

Specifications for the undulator magnetic 0.0 55-
field and model results 05

0.50, (b)
- - - - - - -- - - - - - - - - - - - - -0 .45 -

Specifications Model Results 0.Q~40
---- ---- --- ---- --- ---- --- ---- --- 0 .3 5

Peak Field (kG) 5.4 5.65 Z,- 0.30
Maximum 3rd harmonic 10% 3.2% .0 0.25

5th harmonic - 0.5% 0. 20
7th harmonic - 0.2% 0

c 0.15
Limit on transverse field 0.5% 0.3% 0.o10

variation (central 1.0 cm) 0.05

RMS error (G) 27 -0.00,
-5 -4 -3 -2 -1 0 1 2 3 4 5

Vertical field integral 23 D istaonce - x (cm)
error (0-cm)

Horionta fied inegra 23Test results for the full-scale, one-period model of the
Horiontl feldintgra 23magnetic structure. (a) Magnetic field along the axle.error (G-cm) Wb Magnetic field transverse to the axis

-- - - -- - - - -- - - - --- --- --- --

4' m~u I i{~i
K;~~~ L~A _

,j ~' ~ rA

Detailed mechanical structure of the undulator.
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COSURIALLY-AVAflABIZ ERRORS for NIUST-NRL Fm.. Temperature and Deformation of Mirror

450 = to 850 =m 20 1

Mblti-layer Dielectric an Fused Silica U

BandvIdth: ± 50 no 10l

Rflectivity: 0.9999

Absorption: 10-20 ppm 10

-0 2 0 3

"Observed to be negligible at 250 kU/cn 2 for -

cv dye lasers; ve expect < 50 kv/cw2, average 4- e

" Calculated distortion in steady state using
finite element snalysis method E .. eforinotIl'

2 T0prtie-- -

Dieetric Breakdown 
T"rtr

0 -2

0.000 0.004 0.006 0.012 0.016 0.020 0.024

" Dalege threshold is 20 J/cm
2 In 1 pss Radius, m

" go expect 0.25 J/cw2 in I ps Temperature and deformation at the surface of a mirror from
thermal abaorptlon. Dashed line -finite element analyais.

Da-pa from Har~anfcs Solid line -analytical solution.

" From experience at other FRI , we expect
absorption to Increase 40 rod...

" Use are calculating harmonic radiation ....- n e 1 0 mrimrd
" Deacon Research In Phase I of DV- I Educm-ra

danag stdyfor mlti-layer dielectrics that 6-0mmo

are designed for 240 r0-
" FI. operating paramseters mist be adjusted so 0 N 130
that the harmonic content is minimized C

0 20 I

- Y-50

*~ M-653 6

g/ 
3/

0 5

* FRLE FLOR .4 .

*~~~0 N 13 02 04 I . . 0 2

.. 4. 0. ID fiel ofO the 20ult

3 4FEL poe anv aeeghSudies fnto$oh

'mLtNE / Dynamic tuning by adjusting the undulator gap

\ " \* Lasing mode and gain studies vs electron beam focusing

e Dynamic variation of outcoupiing to study saturation
and to maximize output power

e Measure coherent harmonics

* Dynamic variation of taper to maximize output power

- Power and frequency stabilization by teedoack

Proposed layout for the FEL user facility.
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EX2.2 SCA/FEL Status

T. I. Smith, J. C. Frisch, R. Rohatgi, H. A. Schwettman and R. L. Swent

High Energy Physics Laboratory
Stanford University

Stanford, California 94305-4085 U.S.A.

AbstractUSERS' EXPERIMENTS IN JUNE 1989
During a 3-week run in May-June, 1989, the
SCA/FEL provided 18 days of FEL beam at
16-18 hours/day. The FEL operated at 0 Photoncechos from dyes in glasses (Stanford)
3.5 Wim, and in a 20% band centered at
1.54 lim. 30 W of optical power was ex- * Non-lincar optics (Princeton)
tracted in 3 mos macropulses with a 0.15% Ga-oddFL(tnr)
linewidth and a 3 ps micropulse. Ga-oddFL(anr)

Electron Beam:
During a 3-weekirvi in May-lime 199. die SCANI~.provided Ill days of FEL beam at
16- 18 hotusMay. Most of the operationo was u a wavelength of 1.54 pem, but die wunabeltty
of dhe dielectrc tszzos wast tated by vitrying the waveleagt fromt 1.39 pro to 1.65 jim by Energy 66 MeV
changing the linaic energy. In addition, changing allow e kionlfstaort that th Energy Resolution .05%
SCA/FEI can succesisfully oscillate: aswavelengt at ioan an long as 3. nM cop urn 200 lIA
At 1.5 jim. 3OWo~ptca pwer wasexuacteddizing 3msmwompuse rpeanng a to1 Macropulse Duration 3 tms
cr 20 Hit rame The "iewdiof die radiation was 1.5%, cocane=a with the ulsaoms Macropulse Repeition Rate 10 Hz
limit of dhe 3 pa micropulse length. Mae mzcropulse power was 700) KW. The separatinpleDrain3P
betwee n mceorulsea was 84.6 isa. Mcous uain3p

Mficropulse Current 5.6 A
Two independent ~uaOf ep nse s sftlly doubled the Light into dhe viuable. Normalized Emiranice 8 x mun mr
and used the dab lgti mdl ceceeprret studying picorod poreses
One of the groups sok advantage of die S% slogmiipuseapnto t etc
idividual usscrpulties from the pulse nasa. and wast successful in observing a photon echo
in a dye sstoteculelAr systema Ansother group of experimentess pursuing the oncept of a
gas loaded FEI. EI) fle the wiggler with 5 tor of hydrogen anid observed the
expected decrease in laxing wavelength. They also demoxnstrated that FEL problems due to Extacted Optical Beam:
electrarn beam induced plai in the ;As were much less severe with the 85 nat pulse
separaton than in pevious expesi-ne- swsiha35Ops pulse eperaion. Wavelength 1.54 lI
New electron beanm and optical beanm diagnostic: systems allowed collections of dais which Spectral Width .15%
had previously beets unavailabe Ai an example, when the optical cavity lengt wa Macropulse Po"w'er 24 W
adjusted for mastinmis average power out (significantly gretufr than the 30 W quoted Macropulse Duration 3 ms
above), tite resolved optical spectra clearly showed the growth of sidebands as the power Repetition Rate 10 Hz
built up at the beginning of each itucropullse. 71he presence of sidebaisds was consistent splePwr70K
with the rather chaoc naiture of the optical power level witin the niacropulse. As irplePwr70K
expected, when the cavity length was adjusted for stable power output (30 W) during the Micropulse Length 2.25 Ps
rniscicipulse. the spectumn of the puse consisted of a single tratsforns limited line. Time Time Between Micropulses 84.6 ns
resolved electro beums spectral daaallow the evolution of the eneWg sprad of the electron
beam to be studied, as well as allowing a compaion to be made between the photon
power extacted and the elecumo beam power lost. With 30 W in the photon beam. 56 W 05
was meaisured lost froms the election beam (At imp z we don't understand the
discrepancy). As a final sut of cxe s.pi entlnce can now be measured before and after a C
ihe wiggler. After passing through the wiggler. the normalizd enstruncie of the 5.6 A peak 0
current beam was measured to be 20x s mm or. Before the wiggler it was 8X ir mm

Optical Spectra in Stable and Unstable Modes ~ .

Si

0
Macropulse averaged spectra (lop figurc) 0

-0,5 -0,3 -0.1 0 01 013 0 5 0.7
Micropulse spectra (bottom figure) Wavelength shift (percent)

Unstable mode has higher power (2 x or 3 x). 06
broader spectrum. Usable power in narrow bandwidth bi
is higher in the stable mode 4 05

04C
Absence of wavelength jitter or slew is demonstrated 0.
by the fact that the (stable mode) macropulse spectrum is 03
just as narrow as the micropulse spectrum 

L5b

.. 012
0

.0.5 -03 -01 001 03 05 07

1Work supported by ONP. N00014-86-K-0118 Wavelength shit (perce' i
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-3 0

aa

DETUNING BEHAVIOR AT 3.5 MICRONS 01

* Power vs. time for several optical resonator detuning lengths 0 0A 0 8 1 2 1 6 2.0 2.4 2.8
(top figure) Tine trom e-beam start (mfsec)

* Macropulse average power vs. optical resonator detuning length
(bottom figure)

* Zero detuning (d=C, is defined as the length for maximum power '2

* Unstable power vs. time (such as d=0) is assoctated with a broad C)
spectrum and/or discrete sidebands

0)~1-26 22 -18 -14 10 6 -2

TIME-AVERAGED ELECTRON BEAM eungnthpm

ENERGY SPECTRA

Data obtained from phosphor screen/TV camera
(integrates whole macropulse)

54

* Narrow peak (reduced by 2 x) is the spectrum with -

the laser off. E = 67 MeV ~Zz,,~Crt
800 00 400 200 0 203 4,30

* Broad :pectrum is with laser producing 30 W at %AV
1.5 microns

* Centroid shift gives energy extraction of 0.4%.
The TRW wiggler used has 120 periods, so
1/2 N is 0.42%.

TIME RIESOLVED ELECTRON SPEC:TRA
D)URING LASER TURN-ON 12"

* Data taken from 16-wire array

* Spatial Resolution is lower than that of the phosphor, hut temporal -

resolution is 30 g±scc -j ,

* Turn-on is essentially cottplete after 90 jasec -4 .

* During stable operatiott, the wire array data agree well with '0 -00 800 r500 400 200 0 200 400

the phosphor, indicating that the macropuls. averages are ~
meaningful

D uritng unstable operation, the wire array gives valuable
information on the electron dynamtcs
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E X2.3 Cyclotron Autoresonance Maser Experiments

A. DiRienzo, G. Bekefi, C.Leibovitch, B. Danly

Massachusetts Institute of Technology
Cambridge,MA 02139

Studies of a 35 GHz, 1.4 MeV, 260 Amp cyclotron autoresonance maser (CARM)
amplifier are presented. A bifilar helical wiggler is used to impart perpendicular
energy. Radiation is generated in a wiggler-free region. A small signal gain of
91 db/m has been observed with a saturated power output of 10 MW (electronic
efficiency of 3%). Methods of improving efficiency are presented.

WAVE LAUNCHER BIFILAR HELICAL CYLINDRICAL BeamU Enr 1. MeV 0-
WIGGLER DRIFT TUBJE Total Current 20 kA

Pulne Length 30 nas --

Current into CAIIM 2M A a-
TOAxial Solenoid Field 7 kG a-

AC ALRX ?ARM ke1 lodm Wigglet Type Bifilu Helical
Z7WglrPeriod 7 cmn

ACCELERiabatic Uptaper Length 42 cm
Untapered Length 14c/Termination at Exit of Wiggler Single Loop

ANOOEWiggler Field 460 G ~
FIELD EMISSION \ANDE SOENI e/ -0.3
CATHODE EMITTANCE

SELECTOR Wiggler Free Region 84 cm
Waveguide Radios .79cm

Fig. 1. Schematic of CARM Experiment Wawguide Mad TEO i

Brightnesa En = TPW1Fig. 2. Operating Parameters

where 6'V = and Orp = emittace selector radius WIGGLER FIELD COMPONENTS
5-

Normalized Emittance c,_ = V
for a uniform phase space distribution 4-

_ 3-

2.

FOR B.,.j 7.0KG1

C 0
r.61 B. LA0

(cm) (Amps) ;!ti) (m-rad) m -
-2

.0762 8.4 9.S0XIO' 4.43x0'3 I.69x0'3
0.254 260 2.38x 104 49.3x 10)3  1.88x1O- -

Fi._._eaPraetr -10 0 10 20 30 40 50 60

R4 ZKj AXIAL DISTANCE z (cm)
2  npm Fig. 4. Bifilar Helical Wiggler Field Components

5,, ~HF INPUT
U PORT I
0 GRAPHITE ANODE RF POWER

.10 5 VAND
N EMITTANCE

GRAPHITE SELECTOR
CATHOOL DRIFT TUBE

OetCACATHODE

RF 11 INPUT

RF POR T 2

__________________________________TUNER

3 5 7 9
B AXIAL (KG)

Fig. 5. Beam current transmitted through wiggler regiol.,

as a function of axial magnetic field. Fig. 6. Schematic of Microwave Input Coupler

N.B. Resonance at 5 kG.
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100 6 2

10

I -

IE-1r
Xt3 lot~

IE-2 toIL*.I
3C 0. 0

iE3- 2 - 0

IE-4 ~u~.St 6. 4 Ii - 0
IEI 0 005 )10 015

0 20 40 60 80 100 - 15 -5 5 15ENRYSEA

AXIAL POSITION z (cm) ANGLE (DEGREES)

Fig. 7. (Left) Amplified and superradiant power generated Fig. 8. Computed efficiency and growth rate as a function

by CARM as a function of axial position. of energy spread. Experimental results shown by

(Right) Angle scan of input mkrowzve signal (above) arrow on abscissa.

and amplified signal (below) to show similarity. AFLIE)PO WER

FUTURE WORKIG

S10 A~

To Improve: :- ~ 2

Perpendicular Velocity Spread i- -,'

-Operation at Beam Resonance C; 10 ~I
*Efficiency 0

-Tapering of the Axial

Magnetic Field
50 100 150 200 250 .300 350 400 450

Fig. 9. Future Work CRETA

Fig. 10. Calculated tjower as a function of current and
eneray spread. Dotted area is experimental value.

.169 &u1 t4,i&::o e l

Fig. !I. Axial magnetic field to allow for high current -

generation as well as operation near wiggler resonance. Fig. 12. Calculated effect of optimal tapering of
the axial magnetic field in the non-linear CARM region.

Conclusion: First successful operation of a high power (10 MW), single pass amplifier
CARM. Future increases in efficiency of power planned.

Reference: G. Bekefi, A. DiRienzo, C. Leibovitch, and B. Danly. 55 GHz Cyclotron

Autoresonance Maser Amplifier, Appl. Phys. Lett. 54, 3 April 1989.
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E X2.4 Bandwidth Narrowing by Seed Inection of a Free-Electron Laser
Avner Amir, J. Finn Knox-Seith and Michael Warden

Center for Free-Eleegron Laser Studies
Quanturn Institute

Unive-silil of California, Santa Barbara, Ca. 93106
We show recent results from an injection seeding experiment at the (JCSB FEL in which a

low power molecular laser was used to seed the FEL. Narrowing of the pulse-to-pulse frequency
bandwidth as well as earlier startup of the pulse have been observed.

-M ucs% fev. (A , y* 1, k'.1 ,

CLTROTWeC ACCUS6PAWIO -

rep,. r'A4 0.3 14

E. )meamm 4.67 /4eV

3 a C' a1.4

4.EE%~ -~

4---)-

V 2. 7 .. o- , 0 _"

V.00
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E X2.5 140 GHz Microwave Experiments in ELF-IP

A. L. Throop, R. A. Jong, D. P. Atkinson, J. C. Clark, B. Felker,
S. W. Ferguson, M. A. Makowski, W. E. Nexsen, B. W. Stallard, and Wt4. C. Turner

Lawrence Livermore National Laboratory
University of California, Livermore, California 94550

We describe the modeling, the experimental set-up, and initial operating results for ELF-1I, an induction-linac based free-
electron laser designed to produce up to 2 GW of peak power at 140 GHz. ELF-Il is the initial configuration of an FEL s Stem
which will eventually produce up to 2 MW of average power at a frequency of 250 GHz, for use in plasma heating experiments
in the Microwave Tokamak Experiment at the Lawrence Livermore National Laboratory.

*Work performed under the auspices of the US Department of Energy by the Lawrence Livermore National Laboratory under
W-7405-ENG-48. ETA-11 accelerator development is part of SDIO/SDC's induction free-electron laser science and technology
program.

The ELF-H experiment will provide
an Initial evaluation of an Induction-Unac
microwave FEL for plasma heating * Design parameters for ELF-H experiment El

*Evee pieven ETA-U bown quality as diver for micraove FEZ. ETA-I ELF ir-coe FEL
- Dow current, brightnee and energy tisnee., Accelerator W199141' Idermlon

thek ELF-11 to verity FEZ. simulation code.ly 40GH
- Hgh peek-pover (2GW)at high frequency (140 GHz) 6 Se =~n*10~
- igh amplifier gain (77 dB) It.23 kA L.&Om"s"twa2k

Evkseiii*todmrwre trnnloeion over long aletance., (25% nwigln) I 3i . GIAh

O~illieliittemkatin 1 nnflearplama oupin PAIF aB 0. H z 6 i cm wievegudd
- Plama. asrption +I- Beckscetter Istablitiese - TEOI Woode

Subequent upgrade* will alow ezperfmnents of high power.h
(B1 GW peak. 1-2 MW average) and higher-frequenclee (250 G~l.)

Calculated wiggler-field and -gain profiles
for ELF-il at 140 GHz Ll Diagram of 6 MeV Electron Laser Facility (ELF-li) U
6 MeV, 2 kA. 1.0e8 A/(m - r)2, 50 W, errors = ±1%, 1 mim, 0.5% .bpeiii6 1 &

Wiggler field TEOI mode profile ' L1
E.10

E.7 -_____________________

E.4

0 1 2 3 0 I 2 3 . " Ne
Wiggler length (im) Wiggler length (M)

6.6...,~~ O.re Mill_____
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ELF-I1 and microwave system for Initial
140 GHz experiments with MTX .q Status of ETA-Ill accelerator for ELF-11 experiments*

be 9W LUMMO..... "W s*abi salwon Pm mme 3

ELP-U

GNP--" Aceleratr current 2i .5 - OA ) 3&2 I&A at 4.2 bV.

seem.Me 0 lY & o .7 IAat6 UV (rwuine)

Bea brgtes . - LO Ga .7 k. 611*

Energyseep !5 1%
*skpmei icroNwavev. Wmpover 1% over 10 no

Pus Wuad 1,20n

-T~natenow"~c spuatl oftet 4fim 2-4mm

Final WiWO -32 VVn
* hm iwm*g esam *±4 ww (0 ff)seewmnub OflS 10 W 10 -20.;r

*Caoawd 1101 muwnm is" ione 13%

Comparison of FRED simulation code with
Measured detunfing curve and beam energy on ELF-Il1 measured detuning curve on ELF41 i g

up 4. & is La5 am SirlAntion

1, -&w-- -

1M-m40 *Oiam22~f

is a8 i1ce Ila is C 8% TEOl
le To " jV~FEDen~

Ioag~n d j I a -4 is A-i .

Iniia miroA trnsor exeiet indicate ihi xprmntleiFEDsmi
good~~~OQ trasmisio egcinc intomff Toimah Summary and lan

Exponential gain -N. 20 db Tm O

Spntneu noiseweqm~i is d1-10 rnW/

- -a whims bildadam

J1 Pea pae. M

Ovrl gobn . 65 db

MEL puls Tdmm pa vepei\~
V, - . I RM asnonen- - .s U m 4 goodpssh. elnII
ft.W. Alguee an vaA ojaho nntmlrW~

-±* Ceaga ivowWoa , owo4a

k, ee . - HW4e Vpwo &lg w, s ado
- eqmon-ul-hiin "P 0101@S~rbu
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TH2.2 ANALYTICAL STUDY OF MULTIMODE COMPETITION

Isidoro Kimel and Luis R. Elias
Center for Research in Electro-Optics and Lasers (CREOL)

University of Central Florida, Orlando, FL 32816

ABSTRACT
A theoretical analysis of multimode competition in FELs is performed. The system is

mathematiclly dcs.s.ribW by a set of coupled differential equations (one for each mode). The coupling
coefficients in the equations are obtained from a perturbation expansion J the current. The result is
that the only asymptotically stable solutions are single mode.

2. PERTURBATION THEORY

1. INTRODUCTION After introducing the radiation field written in terms of

GIVEN A CHOICE: WOULD A FEL OPERATE optical modes into the wave equation, one obtains the evolu-

SINGLE OR MLJLTIMODE? tion equation for the mode q with amplitude aq and phase(

daq . (d~a2' -j

PURPOSE OF THE WORKC dWe dc 2) '

ANALYTICALLY STUDY MODE where O. represents the lasses per pass and Jq is the reduced

COMPETTrION I FELe urrent that drives the mode q. This current is, of course, a

nonlinear function of the mode fields; and the idea is to per-

ITEMS: form a perturbation expansion in powers of the amplitudes

" Perturbation theory as in

" Linearterm j ... + j( ) . j .

* Nonlinear terms

* Two-mode competition 3. LINEAR TERM

* Three modes The linear term in the perturbation expansion is

* Many modes il) -r ia, d " ^"%(t-x' ) r 2

where a -

The usual small signal gain and other linear properties fol- 5. TWO-MODE COMPETITION

low from this first order ter. Two mode competition is described by the system of

coupled differential equations

4.NONLINEAR TERMS daC() [r 2s2a]

Saturation effects start with the third order terms. These d 2

are of the form da2(f) 1 2

j - -dSa 
2[aq. I a. ( 2
a [r -  (a 2 u a "

2° q -6a : & . 2). In order to see what is the composition of the stable stales, it

The derivation of which, as well as the value of the satura- is convenient to transform to polar coordinates

tion parameter S, are given in previous work There are two a.(TI) - r(rI)cose,

tye ofauration effects: i)Self saturationwith the a.(q) - r(r)sin O.

inteniity of a mode rcducing its own growth. 4i) And crossed

saturation whereby the intensity of a mode reduces the r - R.

growth of other modes. An important feature is that FELs In terms of the new variables the system of equations is

atre systems with strong coupling in which the crossed satura- dR()R )r-SR I - ) ( .
tion is twice as strong as the self saturation (u - 2). r

de(n) I

d6 - -) '(r)si[4e(n)].
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nouI ary e i osibic. For other v vaues the only a I i) -r ( OCos ( 
8

) .

equilbrim points m 6e. X/4 vol 7 The stable equi- ar)- r(Tn)nin()Cos(C1).

!ihriumi pointsamW
a,(r)- r(aj)sin~e)stit(4).

Weak couphringit< 1)' - ; r0
-R

Stog(ulngt )4 e - 0, pure mode 21 Wh~ these. (he diffeoratalequaon torn istO

0 . !.pure mode dR(rj) Rr- s)( - RS

6. THREE MODES r

For thme modes the situation is. of corse. more camtltl-

cuted and we hone no the st of three couspled equatonos (-)R 1 4 51 (04.)-0e1O

da, (T) -
.-2 1 r-*~.~~ a,) (-u - I )R Ssin 29sin 4*.

dai(n) _ a r - S~a2,*u(al -a.)]). The stable oquiiboiom euies hawe shfied ratie of the differ-

daCrl) _ is r-Sa3-u , - .)1) being equal tszo aot peints of mninim From the Ias

dri equat[ioni w sme that the derintine of 0 aitiSlis io the fol-

Tratoxformr to eyindrical coordinat lois cums

i) e . 0 (iore mod. I). rsiIn9,ccsE
ii)9.Athen ir ( 0 giteadingtoe+4'0 a-sn~o

(an mode 
3
) 7112 (acmede12) or7E/4 only the irt w ax- r sirtesine 2

bei 1 seshle foru>sL. With sin 440-D the Sowed rqiLDSto_________

simplifies to a..-rsinrte sine rsose._

deI)Rs si - I
dii 8~u IR si e -r sine1 ...sin8* 2 sine5 .1

Sine this cne 0 the tey ubk oint s uE) 71/2 (ai r'- R.

mode I A generie: ampitubde is

Ts w see that also inathe cse of three copeting

modesonlysinle mode sttes e sab*- a, - cose sinO,. (B.-O).

Soppose we are interested iloricivtg whther thr en

7. XlkNY M DESmodes sans weal st in FEL radiatioo (either -th or onthout

For o modes the set of Zquatieel s o(withb - 1.-11) other modes); ssuming that -e kwos that at least we of the

dnt(q) . . .S. CU-1 0 modes exists. ADl the posidble modes cao he tabeled in sueb

dyl 2 ' DJ. a waythat the three inquestionarce(a-2.(a-I) ando. In the

The mode ampltusdes cars he pamerixed @2onw partritsizatio the evoltution equaitiors for these three

C..ode 
asrede

cod . ~ 2Rine ~ ~~ose. .rot Combhining these equation withsappropriateocoeffieients the

Reose.,(r -Rs[ - ci - t )Cos~e_<inn } esoltons eq~uations for the anges, arm denned. They read

;( R (ysinoe,~

sine ._,cose._, 2Rcose._,rose_ d6X ~ .1ese.]oe

-Rstne._,cos._,(r-Rs~u el.1  a

.. 3 Ifiat least one ofthe three modes eatst then

-(u - I )sinze..,eest t. ~sin~ej]} 3ji~e

Which, nsturaily. is p05105w.

ani It iseaxy to aethat the discussionforonlythmemod=s

d -- ' dec aholodsAir my domechsenmodes out of a. M4oorrsg

doos tj drd, l that only one of these ehosen modes ean est. This of

At Con. ,..,(r It s.I...tse.r.~in corse, indscates that the FEL operates swnge made.
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ANOMALOUS (STIMULATED) REFRACTION INDUCED BY THE
TH2.4 FREE-ELECTRON LASER INTERACTION

F. Hartemann and G. Mounier ntfram

Thomnson-CSF/DTE, 78111, Vilizy, France Mawel' Equations (Linearised Source Terms)

Recent experimental [11 and theoretical [2,3] results have suggested that 13- I ]61 = pi~ejoiY + 0 o6usj.
the stimu~lated refraction effect, also referred to as 'optical guiding". in a I : 0.2

Fiee-Electron Lase (FEL) may have a strong influence on both the mode 12 ,= en
content and the gain of millimeter-wave FELa. c
In this paper, we first present a formal method allowing to reduce the system ,0+ ,i=,
of linearized equations of evolution of the microwave field from 8 equations c A=0
in the 4-vector potential A., and ctrrent density j,. to a canonical system Lnaie qain fFudDnmc
of 4 PDEs in A.. This formalism is very general and can he used for aLnaie qain fFudDnmc

small-signal analysis of any beam-wave interaction.
We then specialize this set of equations to the study of a FEL with ax- lo + 60. tIN+ 16vi to e '0 61+bixB
ial guide field and helically polarized wiggler, operating with a cvLindrical 10M.

waveguide interaction region. by defining the appropriate fluid equilibrium a a6i- .- 0i4-

and boundary conditions. At this point, the 3-dimensional analysis can be +ci , ?(b .a64 J.~~i' 6t)(,70 J)j

performed according to two different formal methods. One can .either find C

the eigenmudes of the system, which yields both the gain of the system 0 Canonical System in .1.
and the radial intensity distribution of the interacting waves, or expand

the microwav e field into vacuum waveguide modes and make use of the or- 0 ~ ~ sJ(DA ,
thonormality of these modes to study their coupling. In the latter case, the 00 ot,"'jo-d +-yo(fLo j.0

guiding appears as an active mode conversion effect.
We finally apply the eigenvalue analysis to the design study of a millimeter-

wave FEL and show that for some parameters the gains can be improved

by optical guiding effects. + E(06 b3 s1 X6i j16 Ai -0,

1 F. Hartemann, K. Xu. G. Bekefi. J.S. Wurtele and J. Fajans. Phys Rev. &4+0- 1-0

Lett 59,1177(198). 0" refers to the Amuid equilibrium and we define
2) A. Fruchtman, Phys. Rev. A37, 2989 (198M).

'31 J. Fajans and 3.5. Wurtele, PEC R-ont JA89-15 (1989.) j = efi . 42 ,2 . j

Presnt ddres. lasa F~ionCentr. IT.Cambidg %fA 0239.A specific system is characterized bry its fluid eq. and boundary conditions

USA.

3-D 71@m, with OuSCIL Guidima

* Region I (vacuum) : -, < r< a. [w.i(r) =0]

&.4#(,.0.:. t) = AJ(i(+ B 1 1 -Jexpi(..' - -4. I,@)].

vacuum, Dispersion Relation [D(ki,]t) 0O(

TEI I MODE
*Rgio ) (bearn) 0< <es iC < -o GUIDED MODE

6...8 C;(teesi(i-k22 +120)) W, 0.8 BWX500G

Be-at Dispersion Relation ID2 (kr. 1(2) =01 i*

- k .1 k-kj-) 'r] [' -3(h, ,k..)- Vc"'O

-c _

a Bouidar' con'bution N4

eA.1~, =0 (aveguideinall) < 0
2. ~ 6..= 0 (no X B-fields)

L,,
3; A064.e ,(=0. (no surface currents) N

Condition 12) mont be verified V t, and9 0 :

Upon elimination of the amplitudes A. B and C. we obtain a thir-d equation EM DG

Do(,%) = 0.1

Solvinit the nonlinear system of 3 equations 0.0 1 i

D0(l X -0 ik.ii =0 3(. r) 1.0.0 0.2 0.4 0.6 0.8 1.0
D~i~, ti 0 ~ (k.~ ( 0 D7(ti =I).NORMA LI ZED RADIUS Cr/a)

for the 3 comnplex vnab-s At. %I and '( vields both the growth rate and

miode profile of the FEL interaction, including gwuiin effects, Plasma fre-
qoency reduction. EN4-we filling factors etc

188



- - --~ TE,, MODE -MD

0 -GUIDED MODE TE,, MOOE
-GUIDEJ MD

L 0.8 aw, 50OG uj 0.8- Bw I OOG

0. 4

z0 zO.

0.4 0.0

UJ2 0

0 BEA EGIE MOBAMDDG

x X

2 0 - V

4006 ~ GUIEMODE

iCOO

uj* Bw7 50OG
B05 :50OG -0 BtOOG

z 0 z

0 5 t 5 200 0,2 +0.4 0,6 08 '0
BEAM PERVEANCE a (,uperv) NORMALIZED BEAM RADIUS rb/a)
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ACi .2 ACCELERATOR DESIGN AND) CALCULATED PERFORMANCE OF THlE LOS ALAMOS IIIBAI' FACILITY

Bruce E. Caristen. Lloyd M. Young, Michael E. Jones, Barbara Blind, Ernest M. Svaton, K. C. Dominic Chan, and Lester E. Thride

Los Alamos National Laboratory, MS H825 Los Alamos, NM 87545

The IIIBAF 4tt.MeV accelerator and beam transport have been designed and studied with ISIS and PARMELA simulations. The

nominal beam parameters for a 5-nC pulse are an emittance of 40 n-mm-mrad, 300- A peak current, and an energy spread of 0.25%.

We will discuss the major design issues and reporton performance expectations.

The HIBAF (Hligh Brightness Accelerator FEL) facility an the new FEL acceleratorHI A p&M U
ipgtade at the Lea Alaos National Labboratory currently being commained Although D .N E
it includeii components from the prevmn acceleator, Liew virtually a nlew design, rather
than a mooddtfinci of the oAd em. It mcoeporater recent theoretical ideas on aman-
taiutn beam quality, and aim masigita learned fzmm studying problem arm in the old
methane The new accelerstor iO a p111m1ca113th to repilacei the prev'iousa sUblisrMonic MAOCAHOO( mAW )4 CHahl"W~Et ~ eti
bunching system, aud 6wAar standiaig-wima accelerraor tanks to accelerate the beam to A L"WG~f

40 54eV After acceleration. the boam is At bet 50* by an ieodutroue bend, painSS 5*wN

througli an FEL cecltor sad ibe is bent IW0 by anothier tecdirinw bend before it
encounters an FEL amphlie. The w" the IFEL& can he operated in a MOPA (Master
Oscillator Power Amaplifier) con*(usataia.FU

old nrew TN LDAPL
energy 20 MaY 40 MeV TN
electn ~nace thermionic gun pbot"olid
cmit tanca 1i0 . mm mrad 40 v mm menad0 SLAOWICF

energy pread 015% 02%
charge per bunch 3n ac 5 C Go0 Wo4

INSG-iTS ON VELOCITY BUNCHING INSIG-TS ON WAKEFELDS
FROM PREVIOUS STUDIES MROM PREVK)S STUDIES

" Thermioic guins Should be plaar. and not focus the beam *Wakatlda for 6 etC buichae can eai be 100 WV

down to a narrow watst The time dependent nattee of the I vnrlfvf m waetwid in a bend can make it

space charge enside the pts causes difflerent expansion rates. extremely nonadrnaic.

" For charges of 5 rtC or more. velocity btiching to 20 pa Bearnppes inIm meimnl be Warg snough so that the was

or less slows sigrsfcant amounts of particles to escape, loaading currenit associatd with the bunchi do not see interrupions

to a targe energy variation andinterception by the beam wall in +t wells

" Velocity bunchig alao introduces an energy spread anto the * Nordsochronoua bens~ can lead to eattance growth just

beam which becomes thermalized from thes potania rediatibtton in the bunech. Which changes

" Different parts of the beam scallop with dif ferent periods "er rticlers : a~ei nergy.

i the tong drilt reclured and get out of phase it there are . Effects of wefie sale ea the warse of the beam

si9~ticwant cuilent variations. teading to emittance growth energy

INSIGHTS ON PHOTOCATHODES Pf4OTJJCTOR DESIGN CONSIDERATIONS

FROM PREVK)UJS S1JDIES

" No appreciable beam interception is allowed new t" cathode . The desi nst use a enid iameter solenoid and a smaer

"The beam edges mray develop large arnittances. al~icitiig buicking cut

the entr rmers etreetvbriht RI focusing can es" the siue raQwerent on the cods.

but it reduces the gradient on the cathode and introduicas strong
" A single external silanoad can both provide good downstream

nonlinear radia RF foIe
focusing and dlow for compensation of the nortinear space charge

*Longitudinal space hwge forme are partially compensated
forces to regain whole beam brgtns by the change in RI ph*se the beam ends sea

" The solenoid must be relatiavey "ma in liamneter *Varin the etibal phases effectivelyr verses the amnount

" The gradient in the first ceg must be matched to the of RI focusing and gradient. but not the bean expansion

cell arnd solenoid size Either too smrall or too large a gradient A smaller cathode halps keep the ettance generated by

wi inteirfere with the compensation process RF foilds down, but increases effects from spae charge
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OUR PHOTOINJECTOR DESIGN '15o E DCF C
" We stayed dt I 3 GF-z so we could use our old klystrons

" Breakdown field for a 100 ips pulse is about 60 MV/r

" We chose an intermerdiate RIF focusing case for maximum flex*itV

" A half wavelength long first cell provided the right phase HO~iZONTAL PLANE

delay for the second cog in a rr mode structure

" Two external solenoids were por..noned around the first

Tank to provide effective position control VERT)CAL PLANE

" Only six calls could be driven in the first tank, accelerating

the beam to 6 MWV

" We~ expect good performance from both a 5 and 6 mm cathode

NOMA. Pq3~fth4I FOR 6 AND 6 MM CAYMMGS FIRST CA~rY OESKIN PEAK CIAIRN1 AND EWE TAMIE VERSU.S MnAl PHASE

360 60

5~ nr mm 300

Flat T.-p a.." Slat Top Caua
290.A 300 A 320 A 330 A -250
21 . 26 . 27?. 32 i 4
0135% 03S?. 030?. 030%

)200 E
30 E

2~

0 5 20 25 30 35 40 45

illela Phase (degiees)

DESIN IMPROVEMENTS
DESIGN SENSM1VFI1ES

Noir" tatiliy o ftFIFis 0 o p~e ad 01% n ag~ue. Not so much RIF focusing is needed, arid less would improve

Hwe weso f fftso wgi _pd rsitne n the efmittance.

current fro vw~ eno Alternative shapes ior the first eel have a higher ratio

of cathode field to peak surface field The gradient we used is
4r. M~ean EeeAff Fenmg Spread Einttawe Peak Cuirrnt

395 8 eV 025% 33 cir mmwened 3W Amnp~rrw probably qtnte a bit smaler than the optimum.
I L".rmxe h-Vg 398 0 3011 36a 270

1 %k~-r396 025% 31.- 300
Its?% hisbh.. if k+Ud 400 025?. 36 W 7 A quad singet after tar* B would provide better focusing
n 5% k,- rf l." 306 0 35% 36. 270
2 5 Pb... .id~ae 40 65? 31 30
2 5 phoaae klay 396 0 65% 35 300 for the U11R measurements after tank D
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ACi .3 A Development of a Tandem

Electrostatic Accelerator Quasi-CW FEL
A. Gover, E. Jerby and H. Kleinman

Faculty of Engineering, Tel Aviv University, Ramat Aviv, Israel
I. Ben-Zvi, B.V. Elkonin, A. Fruchtman and J.S. Sokolowski

Dept. of Nuclear Physics, The Weizmann Institute of Science, Rehovot, Israel
B. Mandelbaum, A. Rosenberg and J. Shiloh

Dept. of Applied Physics, Rafael, P.O.Box 2250, Haifa, Israel
G. Hazak and 0. Shahal

N.R.C.- Negev, P.O.Box 9001, Beer-Sheva, Israel
ABSTRACT

The EN Tandem Electrostatic Accelerator at the Weizmann Institute of Science
has been converted into an electron accelerator with beam power recovery. We report
on the design and performance of the accelerator as well as on a new approach to sta-
ble, long pulse operation of this class of machines. The long pulse mode of operation
offers interesting possibilities for the operation of Free Electron Lasers, in particular
studying of high coherence, single mode operation.

TIT'

The terminal voltage behaviour as a result

A simplified schematic of the tandem of a short (65 psec) beam pulse (upper
accelerator including the FEL. trace); V, = 2.7 MVvertical scale = 6.4 kV/box;

horizontal scale = 20 psec/box.
The lower trace represents the collector
current - vertical scale = 100 mA/box

192



Table 5-1 FEL Experiment. with Tanidem FEL

Experiment Type of FE!.L, A C.a Ian ne.t

Interarni waveguide

(1)1Mm resonator 5 MeV 4.4 ae 3 mmt 100%9 20% BO0@

internal wivegruide

(2)FIlt resonator 5.5 MeV 4.4 cas 300pm 45% 15% 30%

External open

(3)hilr resonator, Optical -5.5 MeV 4 mm l5pm 70% 5% 06%

klystron

Table 5-2 Mode Competition Parameters of FEE. Experiments

Exjucrhuuiti ,y Al -y- IS_

(1) fim 1.5 .17 278 3.12 ns 61-200 na 0.8-3.3 lie

(2) FIR 1.3 147 2.1I04 6_515 na .7-2.2 pa 100-300 jpa

(3)MII1 1-14 1875 3.5x 100 43-600 ns .08-1.1 me .15-2.1 e

dJJMBEAl OF t dh CMfDrE-.P9AA11-~

At W -____ 5: )

fr C IL, t, ,

Reference
1. E. Jerby, A. Gover, S. Rushin, H. Kleinman, I. Ben-Zvi, J.S. Sokolowski,

S. Eckhouse, Y. Goren and J. Shiloh, Nuci. Jnstr. and Meth. A259,
263(1987).
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P3.1 Mode Stability in a Sheet-beam Free Electron Laser with Sidewails

Edward R. Stanford and T.M. Antonsen, Jr.
Laboratory for Plasm Research,

University of Maryland at College Park, College Park, MD 20748

Abstract: A nonlinear time-evolution equation for the transverse mode structure of the radiation

amnplitude in a sheet beam FEL is derived. Equilibria of this equation are found numerically. Equilibrium

mode stability for such FEL's is investigated both numerically and analytically. determining stability

ranges for single and double mode FEL operations.

Figure la: General Layout. End View

x

zz

L (x)

L
x

Figure lb: General Layout, Top View

Beam Cavity End Mlirror

7.~I ,,

',.* x*

L 
z
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FIGURE 2t The Hybrid Mode

0.12 Flgure 3: RtoISI of StabiltY
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P3.2 Resonator Mode Matching for Free-Electron Laser Optical Guiding

K. C. Sun
Rocketdyne Division of Rockwell International, Canoga Park, CA 91303

B. D. McVey and R. L. Tokar
Los Alamos National Laboratory, Los Alamos, NM 87s545

The FELEX code is used to evaluate optical guiding on a grazing incidence resonator at
Boeing's FEL facility. The results indicate that a high brightness e-beam requires a resonator
which is "mode matched" to curvature changes caused by optical guiding. However, mode
matching is not necessary for a low brightness e-beam.
INTRODUMON Optical guiding produces a mismatch between the laser PRBfLEM: What is the impact of a lower brightness electron beam?
beam curvature and resonator focal lengths. This mismatch can cause a How effective is paraboloid despacing?
major reduction in power extraction. However, this mismatch can be
eliminated by refocusing the resonator via a process called mode match- RSLS ihbihns lcrnba eursmd acigb
ing. Resonator mode matching is by either two deformable mirrors or re- g1L: Hihbitnselcrnea rquesmdmthngy
positioning (i.e., despacing) two paraboloid mirrors. paraboloid despace.

Paraboloid despace gives same mode matching perform-
BACKGROUND: Boeing's 0.63 gmn wavelength FEL experiment has a 100 ance as deformable mirrors.
MeY RF linac accelerator, a 5-mn wiggler and a 60-mn long grazing inci-
dence ring resonator. The experiment has already been designed, fabri- Mode matching may not be required for low brightness
cated and installed at Seattle. Various effects may Cause lower electron electron beam
beam brightness. The resonator does not have delormable mirrors but we
can despace the paraboloids.

OUTLINE: 1 . Gain Medium Parameter
2. Resonator Description
3. Single Pass Amplifier
4. Resonator with High Brightness Electron Beam
5. Resonator with Low Brightness Electron Beam

Gain Medium Parameters INEX Code Predicts
Electron Beamn Performance

Galn Paranat.,, Case I GAas11 21(A
(High Bttna) (Lo Bright-)a 211.5 Gamma fKklni Energy) Ex. ey 200A Average Current

Avgqa~ran(A)30020021 0.5% Enowg Spread (nwn-rra 140,v flirn-nind Ernitasne

KineticEnrgy 211.2 211.5IN 0

Ensigy Spread (%) 1.0 0.5

X-Emlntano. (r-ad) 37i214
(x rnr-rnrad at 90%) 20 - 10pe

Y-Ernlence (crn-r) 37 100
(x mrn-rrad at 90%)22

Y - 211.5

Relatve Brigi1,uaa 15.3 1.0 _

WNWle Lenth (cmn) 500 earn sit
WWlr Pecrn) 2.18 am~e -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 -0.4 -0. 0.0 0.2 0.4

Enesg Tapr ()7.7 3.9 e Inormiation supe byBo Toker PN n2MYI

Grazing incidence Ring Resonator Reduced (200A) Current Yields
with Grating Rhomb Lower Gain and Extraction

raV250 6-

200b~ 30o CurAant

PviboiPal 300A_ Currentr~n
8% TTaperA wrn

W~~g~~ei4 Taper4 Tpe

Inu as ww(W) ,---- Lae Poe W

O-L"
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Optical Guiding Is Proportional 300A Current and 00% Taper
to Electron Beam Current Requires Mode Matching

50Mod. Mo1matet"a M1064 MtChed
C*1t Cu~t -1dr Caofyl (Despeced Pmrbobitig)

15.0 12.5-

4W 6- 10.0

10.0-

Gassa Bea Paramter o

0. 0.0

111;-50 -00 50 00 6. 2 0.0 3 00 450 0.0 50.0

BaeCvilsGaussian Mode Modeeer MacinosNoreqie

Rinagl Reoao Parbli esaeCage uigMoeBddU

200e 200.0y Donater Downstaerreamae4 nd4 LiarT

15. 1.0 00 L 20

o 0.0 4 0002100 -3
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5.0 ~ 5. -1001 S21 .
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P3.3

THREE-DIMENTIONAL SIMULATIONS OF SIDEBAND
IN A MILLIMETER-WAVE FREE ELECTRON LASER

Yang Zhenhua Tian Shihong Jiang Youming
Institute of Applied Physics and Computational Mathematics

P.O.Box 8009, Beijing 100088
Beijing, People's Republic of China

In this paper, we presented a three dimentional averaged single-particle derived by KMR121 ,and the

physical model and simulating technique for sideband in- field equation based on paraxial wave equation, and

stability in a millimeter wave free electron laser. With the electron betatron equation.

this 3-D code, we investigated the effects of various Physically sideband instability results from the

parameters on and the quantitative conditions for pro- slippage between the light pulse and the electron pulse

ducing sideband instability in a rectangular waveguide in FEL.The slippage is custaomarily considered to oc-

FEL. cur because the microwave travels at V., while the elec-

tron travels at some V# < Vr The slippage couples

We presented a three dimentional physical model diffrent longitudinal slice of electron beam, but differ-

and simulating technique for sideband instability in a ent slices of electron beam is just possess of diffrent

millimeter wave FEL. A millimeter FEL must operate phase about synchrotron oscillation of electrons in

in a waveguide because the wavelength of the radiation buckets. It is possible that the slippage couples diffrent

is long and diffraction is very strong, here we choose a longitudinal slices of electron bcam, and can lead to

rectangular waveguide. Like LLNL's FRED" ', our growing modulation in light intensity.

equations include that the electron energy's and The equations simulating sideband instability are

pandermotive phase's evolving equations in terms of

ay ! +_I aa (7)e,(-,) f,)in
f sin (0, + ,

80 1 80, CO,/c '- )+a 2,
+ +--L t -k +k- 2"-+a'(r )+a,(r

0Z Vo atyc +0,(I+ 1)

- 2a (F )a,()fVcos (0, + 4, ) + <7J2p2 > (2)

(e, 1ae, 2ne I sin (0 +  )

Zs l mc 4) k N -a. (F, )fcos(ky,) 7 (3)

• ,m t-I ?

a(7)fcos(ky (4)e _ _V -a a
£mc kIC" -'.I-
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Where, the electron position F, is described by Fourier transform of the light pulse at the end of wig-

- i gler is calculated and electric field amplitude versus

bn L 1 , wavelength is given. The special conditions producing

group velocity of the microwave in the waveguide. the sideband instability will be given in details on the

In order to deal with the slippage between the light paper for proceedings.

pulse and the electron pulse, we divide the microwave

pulse and the electron beam pulse by nrcspectively, that

is light pulse to consist of by a series of nlight points [1] TJ.Orzechowski, E.T.Scharlemann, B.Anderson et

and electron beam to consist of by nslices (groups) .Ev- al., IEEE J.Quantum Electronics, QE-17(7) 831

cry light point and electron slice are respectively des- (1985).

cribed by equations (1)-(4). For a fixing light point, it [2] N. M. Kroll, P. L. Morton, and R.

will interact with the slice which has same Rosenbluth, IEEE J.Quantum Electronics, QE-17(7)

delayed-time as the light point. Finally, the spatial 1436 (1985)
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P3.4 DEVELOPMENTS IN ON-LINE, ELECTRON BEAM EMITTANCE
MEASUREMENTS USING OPTICAL TRANSITION RADIATION TECHNIQUES

R. B. Feldmian, A. H. Lumpkin, D.W. Rule*, R.B.Fiorito*
Los Alamos National Laboratory

Los Alamos, New Mexico 87544, USA
~Naval Surface Werfwe Center

*Silver Spring, Md USA

On-line monitoring of electron beom ernittance can facilitate optimization of free electron laser performance and
provide critical input data for EL simulation programs. Using optical transition radiation techniques, we
simultaneously record both beam spot and divergnef information from a single macropulse. Our system provides
real-time qualitative and on-line quantitative ainittance measurements.

OPTICAL TRANSITION RADIATION PATTERNS LsAao

P 'C%7C!
SIGL OILUAROSRU TO

NR TIL O

PICALWO TRADSITION RAATN PATERNS LASERa&-wv

ROLON III.111

SCNIA.a OSEAMT PROZL

PARALLEL FASOILSWAS.20LV 4,a

144
a-BEA . 0 02 41 401 .03 07

OFGCjAGLECT~ (wed)
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IMAGEPROCSSIN HARWAREVIDEO DATA ACOUISMON 80 PWAME

XHAIRS .... AN ONLINE ALIGNMENT ROUTINE:
SUPERIMPOSES CROSSNAIRS
ON AN IMAGE CAPTURED
FROM THE FREEZE FRAME.

FRAME GRABBER SONY 512 X 512]UE O EMAGMN
fg-100-st12 PIXEL DISPLAY REPETITION RATE: 15 HZ

REALTIME.AN ONLINE, REALTIME
ANALYSIS ROUTINE.
SNAPS IMAGE AND BACKGROUND

I ALLOWS CHOICE OP POINT AT
JS-2113 AT-CLONE COMPUTER PCMUEWHICH X AND Y INTENSITY

(EVEEX)PROFILES ARE TAKEN. AND
(EVEREX)PLOTS EACH PROFILE

(BACKGROUND SUBTRACTED).
MAXIMA AND HALFWIqDTHS
ARE INDICATED.

BERNULLIBOX:REPETITION RATE: I HZ.

2 20 MBYTE FLOPPY DISK
DRIVES Pites.

SingleFoi OTR 0-
VIDCO DATA ACQUSITON RO5PYWAflE 9T1L i

,3IONTAL POLARIZAT3

ONLINE.......1.0 OR 2-D PROFILE ANALYSIS-E
WITH IMAGE FILE ARCHIVING

& RETRIEVAL, LINEAR

INTENSITY FILE ARCHIVING,
(HORIZONTAL & VERTICAL
OR AT A DEFINED ANGLE)
2-D IMAGE PROCESSING.
CAN BE USED ON OR OFF LINE.

ITEX-100 software Ia used for I
the low level routines.

PROF"LE--

SINGLE! FOIL DIVERGENCE RRWILTS
20 M*4V. 4.5 m-ad, itnalsll do

(HORIZONTAL POLARIZATION) BEAM SPOT (xts) 0 Go i
040 .04 00 000 06

0.90

070

I'o Sswn weou
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P3.5 Optical Design and Performance of an X UV FEL Oscillator

John C. Goldstein, Brian D. McVey, and Brian E. Newnam

Group X-1, MS E531
Los A lamos National L abora tory

Los A/amos, NM 87545
U. S.A.

A study by numerical simulation of the performance of a multifacet metal mirror ring resonator
FEL oscillator is presented for several XUV wavelengths. Laser performance in the presence
of mirror aberrations and thermal distortion is calculated for two different output coupling
methods, a scraper mirror and a hole.

Outine. General properties of the ring optical resonator for XUV FELs.

We desieoe of the chairitersicsof he rng opticl resonator which wassed to
calculate the perfoisisance of an XUV FEL at fotur different wavelengths: 100 lrll. 50 mulIface scraper mirror inultifacet
ram. 12 ran. and4 am. mea iro etal mirror

We then present the results of the laseir perfoemasnce simulations at each of the four %optical wavelengths, wiggler region

We nest present some results on the effects of spherical aberration on one of the ga grazer sa
mirrors of the rng resonator. This represents a first attempt to characterize the a29.5 mn--4
tolerable level of mirror aberrations in these devices. In this study. we limit ourselves
to spherical aberration only *The resonator consista of two multifacet metal end mra and two grazsng-atge"-

Finally. we diacuss somte preliminary findings on the effects of thermal disltitin of iniec minis ("graers). Each gram has a reflectanc of 99.2 % andl a local
the irrrs o th oprattn o thse XV yr~slength of -2 mn. Each metal retnireflector has 6 facets. 5 of which are flat ad one of
diemirorson he peatin o thse UV EUwhich is a paraboloid. The curvatures of the paraboloidal elements am chIr to yield

a lowesl-osleir Gaussian mode with the desired Rayleigh range. The Rayleight range is
typically chosen to equal about 1/2 of the wiggler's length. and this varie with die
operating optical wavelength as does the total reflectance.
Thse oulcouspling is accomplished either with a scraper musror placed in die middle of
the back leg, or a hole mn the first flat mirro of the downstream reirorefledtor.

The roanistip, optical path length in the unloaded resonator is almost exacly 60.
Trhe width 0f the resnator. 1.37 n.tis not shown to scale in the schematic.

Los Alamos Los Alamios

Simulation results for an optical wavelength of 100 nm. simulation results for an optical wavelength of 50 nim.

Electron-beamn parameters: *Electtr.-beamt paramseters:

mean energy: 184.46 Mev (y - 361.685) mean energy: 261.4 Mev (y a 511.5)

peak currenst: 3MA peak current: 300 A

fractional energy spread (&": 0. 155 % fractional energy spread (&"'f: 0. 155 %

"90 V' normalized transverse emittance C. - 31 R mm-mr "90%V normstlized transverse emittance to - 31 it mm isv

Optical prmters: Optical parmters:

reflectance of each mtifacet metal mirror: 90 % reflectance of each multifacet metal mirnr 70 %

empty cavity Rayleigh range: 1.5 mn empty cavity Rayleigh range: 2 mn

*Wilow length L-3m .n Wiggler length L,. - m

*Calculased perfornance: maimum small signal gain 11.21 at X.- 100.05 am; Calsjlated performance: miaimum innall-signal gain 12.0 @0t - 49.96 am;t thieshOld
threshold gain 1.29. gain 2.1163.

*Maximum output power of 58 MW with . scraper mirroir of radius 0.575 cm; lower *Maximum output power of 21.5 MW with hole-cioupling; hole radiat 0.225 cm. Scraper
output powers were obtained with hole coupling apparently because the hoe caused mirror outpu did not exceed 14.5 MW.
the opticall mode to diverge through the wiggler ande thus to hie considerably largerI
than the optical spot in the wiggler using the scraper mitror.

Los Alamos Los Alamos
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Simulation results for an optical wavelength Of 12 nm. Simulation results for an optical wavelength of 4 n~m.

Electrsm-beam paruneters: *Electron-beam parmeters:

mean energy. 534.3 Me (y. - 11.5) meat energy: 919.8 Mev (Y- I8B0)
peak current: 3M0 A peak current: 400 A

fractional energy spread (&"ff: 0. 1 % fractionta energy spread 0": 0.1 %

'10 'I" nornmalized transverse emittance % fl2.4 mmn-m M0 9V noemalized trarnrverse emintAnce C. - 10 I nrn-Inv

*Optial pmsear: optical p -mtr:
reflectance of each multifacet metal mirror. 60 % reflectance of each niultifacet metal nirror. 33
empty cavity Rayleigh range: 3 mn empty cavity Rayleigh range: 6 tn

*Wiggler lngth L.- 2 m Wiggler length Lw- 2 m

*Calculated perfornance: maximun snail-signis! pin 14.04 at IL- 11.94 tn:n threshold * Calculated peformance: miaximums small-signal Pin 14.3 at L -4.026 rts 11eras1
gain 2.89. gpin 8.465.

*Maximum output power 9.3 MW with holle-coupling', hole radius 0.0578 Cm. * Maximum output power 4.89 MW with hole-coupling; hole radius 0.0263 on.

Los Alamnos Lms Alamsos

Effects of spherical aberration on the perfomi~ance of XUV FELS. Compensation of aberration.

*We have introduced third order spherical aberration into h phs fron of the ligh We attempted to compenssate fr the prece of qipherical aberration by changing
via the Zirisike polynomial ZI 3 in the following way: the optical phase # is written vroseeet ftersntrfon[ervle nteuaertdce
as * - 4 + (2rni).) Z13. where a is the magnitude of the aberration in waves and *We reed the outcoupling to reduce the total cavity losaes. We found small

4 2mprovemient in the case of 0.331 of spherical aberraion, but this methd did notZ 13=.604 6P2 + I. He, -rern. where rnisa noralization rdius'wich defume aucueat all with 2.0)..
the actual radial scale or the aberration. *We refocused the curved mirrors of the resionator in the following seine the radius of

*We calculated the effects of introducing the aberraion only at the rist paraboloidal curvature of the first paraboloid was changed moas to recover, apperxnmaely, the
mirroar of the ring resonator, same spot size on t second paraboloid as in the unaberrased cawe: the curvature of

*We have reached the following conclusions: the seodparaboloid was changed so as to recover, approximately, the atone Rayleigh
range of the light after reflection from that minor as in the t ahetrated case. We(l) I'mescale sizert is crucial; if r,>spot sire, the magnitude of the aberration is found that this scheme worked well for a moetystrong aberration (0.3 ). with eo -

small over the optical beamn radius and the effects are small. We calculated for the 30 em for the 30 n oscillator) in t sense tha#I als the full output power of the
nin oscillator that for rn - 4 cm, the output power was reduced by 0.3 relative to the una11bemrlod case was recovered in steady-state.
snoberrated case: for rn = 2.46 cm (3 times the optical spot size in the umabserraed We have Yet to sry to compensate for the aberration by leaving the radi ofocusvanise

cam) th ouputpowr c bya rKw o o.15 forct o. m.of the paraboloids unchanged but slightly moving their positions moat to scot itiih
cas).heututowrdrprwdyaacorfo~~ror.03)).thearnse beam adutments as desrbed aboveWehbelevetha thiswillpro"etobe a

(2) For en - 3s snaberrated spot size, we found for all four XUV waveliengths that an successful method of compensation as well.
amplitudenof 0.2 Xreduced theoutput by afew prent. 0.5 X reduceddthe o"spbysa
large factor (70-85 %1, and LO0) prevented laser action entirely.

Los Alamos Los Alamos

Preliminary results on the effects of thermal distortion. Summary and conclusions.

*Becaruse absorption in the XUV is high, thermal distortion of the mirsom was *We have calculated the output power of FEL oscillators at four XUV wavelengths
anticipated to he a potentially serious psroblem. using electron-hesm and mirror reflectivity data believed lo be achievable at this time.

*Thermral distortion of mirrors is being calculated by R. D. McFarland. J. H. Vernon. Steady-state peak output powers, front mutiple-pass self-conistents resonator
and M. E. Marshall at Lot Alamos. Calculations have been performed for the 12 rim. simulations using the code FELEX. were found lo be: 38 MW at 100 ton. 21.3 MW at
oscillator asstming an aXSralySYtnmetrIC optical beam of specilied intensity incident 50 sn, 9.3 MW as 12 rna and 4.9 MW at 4 nm.
on a resontator mirror. The nrwtnormal incidence of the real problem is not an axially. . W-hav made a preliminary study of the effect of third-order spherical aberration on
symmetric problem, but, as a first attempt. it his been approximated by averaging the oeo h aaoodlmroso h igrsntr ngn.105rtw hpower absorbed from an elliptical footprint over a circular spot. The therma onAfteprblia irr ftern eoao.I eea,03) eue h
calculations assumne a G~aussian intensity distribution on the mirror, aind they product output very substantially, and 1.0)X extinguishes the laser totally. These aberration
as results plots of the vertical displacement. d. of the mirror surface as a functio of magnitudes are in the phase front of the wave normal to the direction of propagation;
radius, defects on the mirror surface which lead to this aberration are reduced in their effect

on the wave by the cosine of the angle of incidence (here. 73 degrees). We have*The displacement function (2dA) is then expade in a seriea of Zinsike polynomials proose a mode-matching technique, by either recurving or repositioning the mirrM~
sad introduced into FELEX. to compeste for the aberrationt n "rsore the performnance to the unabesed level.

*Qualitative conclusions front a preliminary study: *We have stiated to study the effects of thermsal distortion of the mireotas due to the
(1) adil Kle izeof he istrtin i agin rucal.large absorption of XUV mirrors. Thiermal expansion calculations have beenidonet(I) adia scae sie ofthediststios isagai cruialpredictsumrface distortion. and that distortios has been incuded as MALX at phase-

(2)It apers that any coefficient mn the Zimike expansion must be snaller than 0.5 X front distortiort, These effects, which may be particularly serious at the shorter optica
t in otrder not to extinguish the laser. wavelengths. mightbe substantially reduced by increasing the number of facets of the

(3) Increasing the number of minrro facets may be an effective way to reduce the mliatmtlm metriia
atswtrtwd Power and, hence, the thermal dition effects.

Los Alamos Lms Alamnos
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P3.6 Anliarmonic Betatron Motion i F Free Electron Lasers"
John J. Blarnard

Lawrence Livermore National Laboratory
University of California, Livermore, California 945-0

Abstract: We calculate the trajectory of an electron in an FEL, including non-liaear, off-axis focusing terms in the equations
of motion. We obtain a set of two coupled second order differential equations for the pirticle guiding center position, having
the form of two weakly coupled harmonic oscillators. We estimate the emittance growth due to the non-linear terms.

* Work performed jointly under the auspices of the US Department of Energy by the Lawrence Livermore National Laboratory
under W-7405-ENG-48, for the Strategic Defense Initiative Organization and the U. S. Army Strategic Defense Command in
support of SDIO/SDC-ATC MIPR No. W31RPD-8-D50,-.

.her,, he , gc,, uit n,,! - , ,I wiid . a1 ,h I li n- 1 ,, I l!':' I LI tIL r,I .,A,-I

III r h tr : c , ei n , arc In a lril , arc,'! . .r c .. i..' .. Iic *Iiiitw0'-d1ti:tll
the tt ri,,Ian,,, [ll 1 ,I I ucIi! [ ,ti[t,,~lA II,,, ,,t rll ,,.'.'nX L , l h irt i hi hiciiat, ,-,I tIt ttr i'ii

'I'dI llt iHcIt.,,,1

the p 'itY I I, ;.rttc,., A T,, p th, 1 tv, .rctriIrk crii Ithgi I ., oiiil,F '4 -0-~ 1111c A-tl ic lll I, -I;l .Irnt.i lc , and Ai ,, k'urri l ilt , :, i , ntJ wJiidt, [ h,lri
+ 

.c

n t, ' . If , 0 ,- h I 'nurr. clr i he !' r I , I ! e h.1

."Ir i I, ,hrl , , l!l It,

hpVill al r o f he A A atA.ii iid i / 
" 

- t, io , c e t

I m. l l, [ithItI 11 .rp1itr L Itt l ll .1 ,i .,i-i g qut 1u',,Lir i, tii itl ti I .L!! I dtuitret

Ilk 4" ' ,I - 11 q',,,.'"Il h, I,, W ...t.h" , " , \ : * h '

ha h, And I I- o a d il A the ai.i cle ,n,,c cr i .,a t r!,,

rL II e -iii IiI! r ,,li,
4,, thl t . eq I It'I Ad i,. I rk -L kI [ . t C I

h Il h1 q

iheiI I i I}It-llih t .I h I :, - I I I : ,I

At Ait .t11 1, . 11, 1 the

tii ........ li .t ti-th ,t t'~ * , r -- i iil c 1 II I lo.II \ '' I , u t

S t, ,It n.d q I.t t,t with i0 a lh l i " a l '11"n hrtir ial, ,t iat

, ~ ~ ~ ~ ~ ~ r, Int,,nnn a,,r qi 1111-01i 11~s~l nlhh ;+dt.'t~t

tA tI"

-th Ln! It p1,1, " k 1,.

V., ttttH h e tit[. i'' i k't f i it+l ir i-- r.,i, t 1 ' -i 'rep- , iu~irh -i I; I+ l . ,rt + "tl"., iii I- . I~tI< m' t'kt - 2 
I~l }  

Irl1 Ih ~ ltl 2ilJhlh'

Mrh tt 11 'r irilttriri , to Ir l I ,t :It he t L t tr e \

204 q 1% I f i • . \ • i

i t it - I \

,I q \TIC~nel & MI Cd I hnrc .r t,-, h 1."n iI

".1~~ ~ ~ ~ 1 1! ,h nl It,1 " ;n 1

lrlrc [.-l l lnt t ,. l.t~~lk' h~ l ,1( 11 " I ] "20 4
.

+



lquitii ii it the eiattaiin Aimplitude and Phase 1 Analytic Solution for a Special ('a, wL

let. For the magnetic potential treated in ref I. lir the case of equal harmonic focusing in the
X, X,__ icslA 4'1 Z it ' Z~ A' and Y directions, and when it47 is regarded as a seconid order quantity, the constantsc d

Y, 3 )Z + )and A through Y" take on partcula. ly simple ,aluc,

Then substitution of cqs V) into eqs. (IV) yields, d . , , A I it 1) 1 1 C P

A'
I 
1,1

2  
Then the amplitude atid phase equations hecime

." sind "A o sd

-I ->!,1sitidA'

1 2 21<1 de,Y 3' (2 sin 2' ' d IF:

4
L 

211.2

-' = ----- (2 t cus2AojEX3 + 3/F3"f (VIl Here! U-.\2. I - and A,,,:* ,, These< 'tase he suluitins.(Y X2 ((2 .......

L:\ I sin(2K,./ i jZ I

1 2 -(1  3 .n. 2K,, Z 1)

Ilia . ~l .i,

• \nal .l 'olstc'n - continued L! Emittance Growth Due to Anharmonic r'llcet in +.'E.

The emittance is defined such that in the absence of anhanonic terms, the linear focusslng
C : I C? I V( I cos2l.O) would result in constant emittance:

a; onstants ti the motion and I- (<A %N2< AX'>> - '-XX' .2X V1

21 IF1: A,2 O: 0 I< A ' <AlA Y

- co, 2..iI,
SI , 's ¢2-:, where,

The nal t"i lutor it interisi because it provides the scaling for the betatro AX .', - X.: AY -, - . AX' X - A.': A' Y ' - I;
precesiin tame As and the change in the betatron .aenumher AA ,' 2< X, >; h' z-. l' .' _ < .' V; s< 1-> >

; - I I co', 2A' 211- Here N = the number of simulation particles. i indicates the ith particle. ard <.
1..2 " I, .\) I

We may estimate the emittance growth rate from the non-linear &c'rms: Energy conservation
h A/ .-1 implies:

2

,hcre As. ., 2-%00, If. I -A._ _%X 2 < "N" )I 2

I.. is am approximate constant of the motion iThe higher order terms have been neglected in
this expression) Here s I ' For a rotationless beam

I', > A.\' 3-5<: - Al" .. AT"' .->

sle , . .i.... itl tc, s 'I the tum hr-1 aiis I 1"' hti e tatr l I .reqa nc" becomes
.m~iti- ~tj'lhtc'I so tat phase relng rcults 2 IlTh X .,id N anplitudes arc coupled Suttitnars and Contlusimoi
..".tiL i 

, 
ic'si eichanged Phase mixitg an I sinilhlation results 1in a final state such that We have reanalycd the transverse equations of motion for an electron transiting a wiggler

A ,., including terms higher-order in the small quantities A.. r, 4, V. and s 2a. that had

not pre iously been included \k. lind that the equations for the guiding center particle
: " - coordinates r and v can he expressed as a pair of weakly c 'upled harmomc oscillator

equations The resulting motion is approximately harmonic betatron motion. hut with
res I - -A A 1 . , and k , \ : .. It 2 si hat amplitudes and phases which preccss on a relatively lumg iength scale The precessing phase

implies an effective correction to the hetatron wavenumber The length sale increasies

h - linearly with -. , d the inverse square of the beam radius, both factors irticating that the

effects of the included higher order terms will diminish for high power. high frequency FELs

t v'ice .->, due 1, the phase mu.ung T he grow th length i debined by When ensembles of particles are esamined the nun-linear terms cause the emittance to grow

r U h, length ditsis due to the phase mixing caused by the amplitude dependent betatron free cne>.

A beam with an initial offset of the beam centroid is ihus converted into a beam with a
IA - F larger radius and higher emittance Simulations with the FEL code FRED indicate that the

fractional change in tinal power produced is small when the initial beam mismatch is small,Here %/\ i, the diflercnoe in belatror frctuen,.ie, hctvcen the outer mlost particle and a however
-11r-11 pioi I ,is the rate I cirmance grtih is roughly given by h

References
'If -, - , ,, 1 1t1 Scharlemaun. E T t199lt."Wiggle Plane Focusing in Linear Wigglers." I App Phy,
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(21 Ngu)en. K T and 'hm. H S 19861. "Parabolic Pole Faces Focussng in Long Linear
Wiggler FEL" presentation at A P S Meeting in Baltimore. MD. December 1Q86.
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P3.7 Statistical Variation of FEL Performance Due To Wiggler Field Errors

P. Kennedy, B. Bobbs, G. Rakowsky, and R. Cover
Rockwell Intemational/Rocketdyne Division

6633 Canoga Avenue, Canoga Park, CA 91303

Numerical simulations are used to demonstrate that large statistical variations in peak spontaneous
emission and small signal gain are obtained for FEL wigglers with the same rms field error, but
different error distributions. Results demonstrate the need for a wiggler spec which reflects the
effect of error ordering on FEL performance.

INTROD U CTION: A previous study found that Baseline FEL Parameters
reordering of field errors produced wide variations in Period Length X 2.4 cm
the harmonic emission spectra of undulators for
synchotron light sources [11. We examine the effect of Number Periods N = 168
random field error ordering on FEL wiggler Wiggler Length L =403.2cm
performance and find large statistical spreads in peak PeakField B.3.5kG
first harmonic emission and peak small signal gain.

Ve,or Potential a, = 0.785

RMS Field Error o = 0.5%

E-Beam Energy y=8 0

Resonant Wa% clength = 2.4527 pm

Field Error And Emission Models Statistical Effect of Error Orderln,

Randon Field Errr Model 12) - By(z) = Ci ) B. cos (k7) On Baseline FEL Performance

* C() * (C - I I r, = Cor'.ant in nth 1,7 - Period - Ensemble of 200 Wiggler Configurations
* C, Ra idonilv 'ios cn from Gaussian Distnhut:,n * Same set of random field errors (N = 168, a= 0.5%)
SMcan = 1 R.MS 1). viaton =o * Different error ordering

*On-Axis Nnission M ,le31 - dW/dl di= el t/4n: Q[K * For Each Configuration Compute

Q = (I C) 
1

,() p jq,(, ] d * Peak first harmonic emission and peak S.S. gain
- Normalize by ideal peak values (o = 0)

4-=(,,icl.I I-,(z)]di * Statistical Distribution of Peak Values Ranges From

zlk1=emc": R, (z)d' Near-Ideal to Quite Poor
- Full Spectra For Three Sample Configurations Show

* On-Axis Small Signal Gain Madey s Theorem [31 Varying performance and Wiggler Quality

G=, (4/lid§012/dy

Statistical Distribution of Normalized Peak Statistical Distribution of Normalized Peak
Soontaneous Emission (N = 168. a - 0.5%') Small SIhnal Gain (N = 168. a = 0.5%)

50 ,__-- - so

AIS 4545J 45
40 40

35 35

300

25 S 25

20 8200

Is 1

5 5

0 0

0 025 05 0 551 25 O5 075
SPCHTANEOUS EMISSION (NORMALIZED) SMLL UONAL GAMI POFOOLIZf Cl
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Normalized Snontanegus EmIsion Silectrum Normalized Small Siana] Gain Snectuvn
Three Sample Configurations (N =168. as 0 .5%), Three Samoie Configurations (N =162. ff 0.5%1

02

Z~~ 032}4-

~02 -.

01 -0

0 4-m-1
-40 -0 0 0 -040 -W 0 ao 40

WAViLUOOTw oFrlh0 no) WAVhI*4MM 00UP10011O Of)

Reduction in RMS Emision (Power) with Length Fractional Power Reduction vs. Number Periods
and RMS Field Error Uy0.%

0.i

%MS Peak Emission Computed for

o=0.1% N = 168,94,42,21 c

0.5ass N - 168,84.4Z,21

Analytic scaling relationship for fractional power reduction (froms AD 0501W
ideal value, a = 0)

[J~I5J SQ (83)[s& /(] .s"?lN3 000AI.

*Good agreemnent with numerical results for all N, a

*Gives better fit to our data in Gaussian limit (o
2 NZ 5 1/7) 00W

than corresponding Kincaid [2] formula

CON CLUSIO0N*, Results show that rms field error is Fractional Power Reduction vs. Number Periods
not a reliable indicator of wiggler quality and t=05%
demonstrate the need for a wiggler spec whichI
reflects the effect of error ordering on FEL
performance 141. They also indicate the importance
for pure permanent magnet wigglers (51, of obtaining1
an optimized magnet ordering [6]. 0

21 42 SO In

.MUNma OP PmC I (LOG MCALE)

II D,,~ so R- P. Wolter, -rh. Elfes. or Maltmeti. F.U En, on the Radaias Spetum of ELEFTTA Usilsltv, Pies Posile Atisaerater Cast.. Chisall (109").
12 .1=44 s.. iJ. Op. Sos. Am B. 2. M~ 1294 1304 (I "S).

11C. C. Slh ood. Z. Capo.. liby. Rin. A. LL, pp. 438 450 (1982).
4~ S. Bfibi. OL at. 'in stank of a MiaialltJ Fiel En~ Spoc fm Wigglem," Pmo. ilus Coaooo

51 G. Rakowthy. CL. a., "Ifi~h Porforgnain. Po.,nuo Pirnia Meot Uad&WLoaak Pf-os.ta coaf.,m.
16 It Coooa. .i. aL. PeL ortance with Pg., Prom Magnet tlojolaiar Havieg Optimal 4,Cra. P- this Coeouu.
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P3.8 Minimized Emittance Growth with Elliptical Beam Pipes in FEL
K. C. D. Chan

Los Alamos National Laboratory, H829, Los Alamos, NM87545

Abstract

Deleterious wakefield effects caused by openings along the beam pipes can be
effectively reduced by using beam pipes of elliptical cross sections with large
ratios of major to minor axes. Such beam pipes can be matched to existing
circular beam pipes on accelerators without introducing additional wakefields
using a concept based on energy-conservation considerations.

Wakerield effects cause emittance trowth

-b-h -W

1 F-.-f. b-1

. . . . ..............

........ . . . . . .8 ................ ........................
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Figure I Fen 2

Ulemh of beem pipes with two openings
film"npc grauth, are lmiiwgo b on the sides astypical beam-pipe%
mam l~ninIrrnag- ea l. discontinuities 5'

Wakefield emhttance growth caused by
discoataultlea along the beam pipe (1ig.L
ln) can be reduced by Increasing the
creee-sectiondl ara of the buam pipe. A
beam-pipe cross seed..s can be i.
creased either by iacresalag both (Fig.
lb) or only one (Fig. 1c) of the two
transverse dimensions.

Figure 2 shows that Wakefield effects () 9

decrease with the increased tratverse
dimenuions to a power of 1.5 (doahed Li
curv) for the scheme In Figilb sad

peap~tiafly (solid curve) for the
scheme Ia Fig. lc.This Indicates that
wa'kefield affects can be reduced moreL
effectively by using a rectangular or j

elliptical beam pipe.

aLa

n I~ltfai .Intr~ o Typical Matched Transition
acircular bamn e wiho=.!M om..

To employ an elliptical bean pipe after
the circular aperture In an accelerator, aI.
Wakefield-lse transition Is necessary.
Such a 'matched trasition caa be made
by observing evergy-comservation, con-
siderstloss.

First, a slow taper should be used as
ailmate energy transfer to generate .p ..-

scattered waves. Second. the elliptical
cross section gaon the transition shouid- -

be designed such that the electro-a-
nodec field energy of the bam= In alwas ." -

equal is that of the Initial circular pipe. ,\ \I
Figure 3 shows that a wakefielesm-Ja,
transition can reduce wakefield by - "

better than a factor of ton.
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P3.9 PULSE COMPRESSION ON THE MARK III FEL USING ENERGY CHIRPING
E.B. Szarmes, S.V. Benson, and J.M.J. Madey.

ABSTRACT

We have performed preliminary numerical simulations
of the optical pulse formation in an FEL using
micropulses with a linear energy dependence on time.
The simutatons are b;eo on a one-dimensional cooe
assuming Gaussian modes and including shot noise for
parameters appropriate to the Mark Ill FEL. The optical NUMERICAL SIMULATIONS
micropulses are aliowed to oscillate near the
synchronous cavity length to a point just short of full
saturation to prevent distortion of the optical envelope 1 Optical pulses build up from noise to a point just
and phase by the sideband instability. The pulses are short of full saturation using the coupled
then numerically propagated in the frequency domain Maxwell-Lorentz equations
through a quadratic dispersive delay line. Preliminary
simulations have varied both the sign and magnitude of 2) One-dimensional simulation with a complex
the energy chirp as well as the slippage parameter (via filling factor for the transverse resonator modes
the pulse width), and have demonstrated optical (TEM00)
frequency chirps agreeing fairly well with those obtained
analytically by assuming that the resonance condition 3) Includes shot noise via electron beam density
determines the lasing wavelength during the pulse modulations on a tophat pulse
(&A4'. - 2&'Uy). Slight deviations from this condition are
observed which depend on the sign of the chirp. In a 4) Electron energy chirp is introduced by linear
typical case, we project pulse compression by a factor of variation of the electron resonance parameter
13.3, from an initial pulsewidth of 3.13 ps to a final along the electron pulse
pulsewidth of 236 fs, at a wavelength of 3.35 microns and
an electron micropulse energy chirp of +2% (energy 5) Simulations investigate dependence on
increasing towards the back of the pulse). Note that this i) sign and magnitude of energy chirp
represents an optical pulse less than half as short as the ii) electron pulse width
slippage length of 47 magnet periods for this wavelength. iii) cavity length detuning
Proposed experiments using the Mark III FEL are
discussed. 6) Parameters appropriate to the Mark III FEL

Graph showing average macropulse power vs. Graph showing average macropulse power vs.
Cavity length detuning Electron energy chirp

Parameters: X - 3.35 l for zero and finite cavity length detunings

Electron energy - 42.5 MeV
Electron energy chirp - +2% ParametersE oe - 3.35 Mm

Micropulse peak current - 20 Amps Electron energy 42.5 MeV

Micropulse width = 4.0 ps Micropulse peak current - 20 Amps
Numerof ases - 10(.2Micropulse width ,- 4.0 psNumber of passes - 100(1.2 i ube fsase) 100(1.2 ps)

Cavity losses - 7.3% Number of passes 1,

Net gain - 45% Cavity losses -7.3%
Net gain - 45%

NOTE: POSITIVE CHIRP - HIGHER ENERGIES (The curve for zero cavity length detuning remained fiat even

AT TRAILING EDGE for 170 passes - well into saturation)

Macropulse Power vs. Cavity Length Detuning Macropulse Power vs. Electron Energy Chirp

40 60 . . .. .

1 o OO.W a~dlv

40 *

20 0 020 30 0 00

U 2g
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OIoo 002 004 0 08 00 0.12 0-1: -5- 3- 10 I
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Graphs showing % Optical Chirp induced by
the given % Electron Energy Chirps

Parameters: +2o chir -3% chirp

X 3.35 ILm 3.0 rn
Electron energy 42.5 MeV 42.5 MeV
Micropulse peak current 20 Amps -
Micropulse charge 75 pC
Number of passes 100(I.2,Ls) 60(0.741Ls)
Cavity length detuning 0 mils 0 mils
Cavity losses 7.3% 7.3%
Net gain 45% 20% - 55%

% Optical Chirp Induced by +2% Energy Chirp % Optical Chirp Induced by -3% Energy Chirp
12 12

10

4 -4

2 20 
0-

00 t 2 3 4 5 60 1 2 3 4 5 6

Pulsewldth (ps) IP lsewidih (ps)

Preferred Relative Phase Offset Between Four-dipole Chicane Serving as
Electron Micropulse and Accelerator RF Field an Electron Pulse Compressor

(greatly exaggerated)
for electron pulses with higher

energies at the trailing edge

Energy

Micropulse
(+2% chirp)' Troa-.

1 10.3
Time High Eneigy

RF Period - 350 ps

Dispersion - 1 picosecond per percent energy spread
In the Mark III FEL
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Computer simulations showing: I.

A) Optical micropulse power, phase, andA
spectrum in the absense of energy chirp in the 6x 10'electron beam (0.05 mils detuning)

B) Optical micropulse power, phase, and
spectrum with a +2/6 energy chirp in theelectron beam (0.04 mils detuning) 0 xu' 4 Mw

Other parameters: X - 3.35 j.un
Electron energy - 42.5 MeV0

Micropulse peak current - 20 Amos 2- 10P.1S
Micropulse width . 4.0 Ps

Number of passes - 100(1.2 gis) rLcfo
Cavity losses - 7.3% Ett MIONt

Net gain -45% MRPS
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4x 106

Grating Pair In the Li.ttrow
Configuration Serving as a Pulse

,n 2xc 10' Compressor

.2 113 ?a f~~~~~r optical pulseswihig foume

to'-? at the trailing edge

0 100 200 300 400 500 Sa e*nf

Time (bins)

..... .. .. .. .. .. ............
20

00

-to Minimum Deviation, Brewster Angie
Prism Pair Serving as a Pulse

Compressor

-20fOr Optical pulSOS With higher frequenies
r __ __ __I_ __._ __._ __._ __._ at ith trailing edge
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Comparison Between Chirped Input Pulse
and

Compensated Output Pulse

(Note change of scale on vertical axis)

4x 10O

i. 3x106

aI.

0.

10

0-

U 1W0 VVV 300 400 boo0

16.4 MW

CONCLUSIONS
L2344

0 Computer simulations on realistic FEL configurationsa. 10have demonstrated substantial pulse Compression ratios for10modest electron MICrMOPulse8 energy Chirp.

Negatively chirped pulses show increased optical powers
for finite cavity length detunings, but slightly lower optical
chirps than Predicted by the FEL resonance condition.

0 Positivel chre Puse sho derae opiapwrfrfinite cavity length delunings. u lgtylre pc
0 100 200 300 400 500 chirps than Predicted by the FEL resonance conition.

Have Proposed an experiment using 4 ps electron
Time (biiis) micropulses with a +2% energy chirp.
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P3.11 SPECIFIC OPTICAL PROPRIETIES OF MUL TILA YER MIRRORS FOR
S.R. FEL EXPERIMENTS

LURE CNRS/CEA/MEN - Batiment 209D - Universit6 Paris-Sud
91405 ORSAY CEDEX FRANCE

M.F. VELGHE , M.E. COUPRIE , M. BILLARDON

Laboratoire de Photophysique Mol~culaire, Bat. 213, Universit6 Paris-Sud
91405 ORSAY CEDEX, FRANCE

S **

CEA, IRF DPHG-S.P.A.S.
91191 GIF-SUR-YVETTE, FRANCE

Ecole Sup~rieure de Physique et Chimie, 10 rue Vauquelin
75231 PARIS CEDEX 05, FRANCE

ABSTRACT. Mirror degradation is a crucial drawback for the F.E.L. experiments in
the visible and UV range. This degradation is due to the high X ray flux of the
spontaneous emission. In the present paper, we summarize new results from the
multilayer dielectric mirrors and the mirrors temperature measurements.

I(phot//cni/mA) x .e A

I$

10 SUPER ACO

1 14 K C.10 - .5+' . 235 Number of emitted photons for Super ACO

2.25 - 5 undulator versus the harmonics and
3.25 407

10 ' 6.7S 70 K values for the 633 nm fundamental
wavelength

10 !|,2 harmonic
I I I I I I I number

I S 9 13 17 21 (v)

Mirror Init. losses Irrad. (A.h) Current (A) Losses after irr. Losses after clean.

S1 0.028 % 0.266 0.08 0.216 % 0.072 %
0.072 0.35 0.13 0.27

Ki 0.15 0.3 0.06 0.22 0.12
0.12 0.37 0.08 0.17 0.15
0.15 0.34 0.135 1.1 0.39

V8 0.138 0.52 0.088 0.28
0.28 0.35 0.101 0.39 0.15

S3 0.12 0.23 0.084 0.21 0.136
0.136 0.72 0.103 0.186 0.147

S5 * 0.077 0.755 0.29 0.153

* this mirror was used for the FEL oscillation

Table of the mirrors losses evolution versus irradiation, before and after cleaning
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1PM]RH31NTAL LAYOUT 120- surface temperature
p 10 SILICA

Ine measr o P-2W

Primary 2SAPPHIRE
vacuum 0 Pam

20a P-1 W

W d .4: 2 4 .
Wiposition (mun) a

Laser beam heating due to Irradiation

1-.

silica

Substrate a * gco

eo /b Results of the temperature measurements
with sapphire and silica substrates

Temperature measurement device a Surface heating at two laser powers
a General view

b Central heating versus of the laser
b Detail of the substrate holder power

b Deail f th sustrae hoderpower
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P3.12 Numerical Studies On Mode Competition In Long-Pulse FELs
R. Hajima, H. Ohashi and S. Kondo

Nuclear Engineering Research Laboratory,
University of Tokyo, JAPAN.

ABSTRACT: A multi-mode FEL simulation has been made for the analysis of
laser mode competition in long-pulse FELs. The development of each mode has
been calculated from particle motion in the potential of many modes. The
ratio between self-saturation and cross-saturation has been estimated in both
shallow and deep saturation.

Spectrum of FELs Multi-Mode FEL Simultion

(1) Fourier transform limit 4f-1/At. 
8

- Dominant in short pulse FELs. (V 2  
at

(2) Mode selecting by the resonator cavity. 0 The radiation field and the current terms are
expanded into the series of plane-wave modes.

(3) Mode competition ( mode dynamics ), E( , e EqzDominant in tong pulse FELL. q..t Z

J1 (Z,t) - , eI + Jq(z)
0 In this study, we have investigated the mode q
competition in long pulse FELs. The theory of thie mode 0 The slowly varying approximation and the orthogonal
competition, the simulation method and the calcutation relation between the modes are used.
results are presented. 8_ + Eq I -jic Re(J.)

E q + 8 - foc Imp"q)

Laser Mode Analysis 0The Fourier transform of the current term gives the
each modal current.

van der potl equation for single mode lasers Jq(z) - J.(Z,t) ei'%'t' #-dt
dE
dt - (G - L -SIE') E * A periodic boundary condition is introduced.

G: Gain, L: Loss, S: Self-Saturation Jq(5) N - N4+0

for two mode lasers

dE1  (G L- I, -CE12)E
dt (~ - -S~d2

- C1 21
2)E1  The real and the imaginary Part of the current term

dE2 _(G,-L-SFaeepesds

dt - G -- i~ 2 CEI) ~Vcentc N sizstf
C: Cross-Saturation Re(Jq) . - - _____

i Yj
* If C/S > 1. then only single mode is stable. Im(J,) - - -~N*I N cot

If C/S < 1, then both two modes are stable. ) N

* For the FEL. C/S-2 has derived using a perturbation q-(k k)zjt-wt+ q
analysis of the third-order in the radiation Field. 0 The kinetic equation of an electron is given by

third-order theory)
* va de Potequtios canotbe pplid t thecass 2..'i~m~ Z% siflf

41 vn dr Pt euatons annt b aplie to he ase 2kyj.!, q
of more than three modes. We have, therefore,
developed a numerical code for the mode dynamics simu-
lation.
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W~ 
W

imoo Is b "is

PASS PASS PS

PASS

The results Of two mode analysis in the shallow- The results of two mode analysis in the deep-saturated

saturated region, region.

(a) Simulation code (b) Third-order theory (a) Simulation code (b) Third-order theory

Resonator loss - 20% Resonator los - 0%

p - 2 .6 (mode 1) and 1 -23(mode 2) p -2.6 (mode 1) nd s.-2.3 (mode 2)

0The field cannot reach deep saturation because Of the 0 The numerical analysis shows that both two modes

large loss of the resonator. are stable at steady state. which is inconsistent with the

third-order theory predictions. This is because the

third-order theory was obtained from an analysis of the

third order perturbation in the radiation field and pertur-

bation terms of higher order are neglected, whereas the

simulation code includes all nonlinearity of the radiation

field. In this figure, the field grows up into deep-

saturated region because of no resonator loss. Thus, the

simulation code gives precise results even in the large

amplitude region.

Conclusions

The mode competition in a long-pulse free-electron laser

______________________was calculated using a multi-mode FEL simulation code.

2.0 5.0 It was found that the radiation field reaches the deep-

racoacs ac~m~efsaturated region and the mode selectivity becomes con-

siderably deteriorated when the loss of the resonator cav-

Ten-mode analysis including beam energy spread ity is small. Two-modle cakcu-tions showed that the

AE/E - 2%. resonator loss - 20% cross saturation parameter is equal to the self saturation
parameter in the deep-saturLed region. In the shallow-

saturated region the code and the third-order theory

0 The oscillation wavelength is up-shifted by the beam predicted the mode competition behavior well for the
enery spead.two-mode case. The simulation code is also applicable to

the multi-mode calculations over three modes.
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P3.13 CONSEQUENCES OF SHORT ELECTRON BEAM PULSES IN THE
FELIX PROJECT

D.A. Jaroszynski,* D. Oepts, A.F.G. van der Meer, P.W. van Amnersfoort
FOM-Instituut voor Plasmafysica 'Rijnhuizen', Associatie EURATOM-F(.M,

Edisonbaan 14, 3439 MN Nieuwegein, Nederland

W.B. Colson
Berkelcy Research Associates, 125 University Avenue, Berkeley, CA

94710, USA**

Permanent address: Heriot-Watt University, Riocarton, Edinburgh EH144AS, United Kingdom
-Present address: Physics Dept., Naval Postgraduate School, Monterey, CA 93940, USA

Abstract
We discuss the consequences of short micropulses on the output of infra
red and far infra red free electron lasers with special reference to the
FELIX project which operates with 3 ps long electron pulses.

Desynchronism: small signal guin Desynchronism: saturated pulse energy
0.4 1 1 - 20

0.3 - 0

15
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0.0 i
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Small signal gain vs pulse length Saturated energy vs e-pulse length
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Pulse energy evolution Dynamic desynchroflism scan
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4. Conclusions
We have shown that the desynchronlsm curves for the FELIX project,
where the micropulses have an rms length of 0.3mm, are of the order of
one wavelength wide for the first stage of the project where the laser
will be operating around 27gm. We have also shown that for long
wavelength FELs, where lethargy effects are important, the gain par
pass in the small signal regime and the saturated pulse energy, as a
function of oz, are constant when the charge in the electron micropulse
is maintained constant. Finally, we have shown preliminary results of
numerical work studying the feasibility of dynamic scanning of the
desynchronism as a function of time through the macropulse to optimise
both the growth rate and the final power at saturation. We have also
shown that this method is useful for altering the pulse shape at
saturation controlling the spectra.
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P3.14 PARAGNETIC AND DIMAGNETIC CORRECTIONS TO THE ELECTRONP3.14DYNAMIC IN A FREE-ELECTRON LASER 11TH GUIDE FIELD
F. Hartemann, MIT Plasma Fusion Center, Cambridge, MA.

" Sioglerl'article I heorv

ol- lok.. Jut

Puanamts ad Damgneic~rg~ons to the fflectroI Dynug * Energy Conservation

F. Harttisu AR1T PlasuM ija ,~ Ceurer. Cambridge. -ALA.

" l-D Wiggler Field:

A BB,,+ B.ficcew +s0"w.)

" Introduction :FELa. CAR-Ms

B"guide field l'iingth.
a Revijew of Single-Pairticle Model

B. pumip hield amplitude.
* Fluid Model with Space-Charge

W = A:.-. -9., where 1. = 2w is the iggler period.
a Numerical Example; MIT 140 G~s CARMI

* Higher-Orderr Effects :Axial Energy Spread

a Conclusions

wenaver addeiem Thsau-CSFDTE Vilkv. France

Thg-gy~ata Acag * Apere' Theorem

* Tw.\Iiagnetic Field r and 0 components y'ield

% I )B.1'rcntv - 0,,n. .L

Xdiamagnetic or paramagnetic correction to the %iggler field.
* Voiliunp ciarrents of the wiggling electrons generate a dia/parsitagnetic

" Flid quaion ~loioncorrection to the wiggler field.

B Combine Eqs. (1) antd (2) to obtain self-conalistani 3,.

" Fluid Vekuitv Field Oil - k...4c (Yo + k3.c2)

; 1ti + ktL COeG i.'9sin t'

* Resonance is shifted towards higher 8,%, low V

We find 3 
ru (I yk.iONfl - uok.J1,e .I aGopI(, vl.c) J,. % <t:0. the beam is diamagnetic

a Group 11 (nit > sk,.JIlc) 3 . % > 0. the beam is paramagnetic.
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P15 DESIGN OF A 12 MRECIUING BEAM ELECTROSTATIC

D.J. Larson and Lis R. Elias
Center for Recearch in Electro, Optics and Lasers

12424 Research Parkway, Orlando, FL 32826

The design of a 12 MeV electrostatic accelerator FEL is presented. The system will

use recirculation of the electron beam in order to obtain ampere currents from an

electrostatic system. Energy variability, coupled with the use of a microundulator, will

allow continuous tunability of the system over wavelengths between 5 and 500 microns.

eVFire 1. Design of a6 and 12
;7Ac e 11eeratt o n & eV Elctostatic FmL system.

(DElctonAc Dceleration Tue Electron beam is accelerated from a

@ EolectrnGn U Dclrto ue negative 6 MV terminal, and can

® ClletorSolenoid either go to an undulator at ground
@3Wiggler Assy. b BnigMagnet ptential, or be accelerated to a

Prssr Vesen0Qudingol positive 6 MV terminal that contains
® Pessre essl 0 Quaruplean undulator. System design uses

achromatic 90 degree bends, resulting
in a flexil error foring ein at
the cost of many additional mantic
components.

S 5.00
11.25

07.50

3.75

00 5 10 15 20 25 30 35 40

d DISTANCE (Ii)

Figure 2. Beam size anld dispersion as a fiuctiona of distance along the, 6 MV path of
the system shown in Figure 1. Upper solid rac F shows horizontal (bend pha=) beam prondle.
dashed raeshows verwial profile, low solid trace shows dispersion function.

15

3

gr 0 5 10 15 20 25 30 35 40

DISTANCE (Mi)

Figure 3. Beam size and dispersion as a function of distance along the 12 MV path of
the system shown in Figure 1. Upper solid tra= shows horizontal (bend plane) beam proW~~
dashed trace shows vertical Profile, lower solid trame shows dispersion function.
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S FGIo e Fjgure 4. Design of a 6 and 12
See FIG. 1 for Legend. MeV Electrostatic FEL tem.

Electron beam is accelerated from anegative 6 MV terminal, and can
- either go to an undulator at ground

. ___.... potential, or be accelerated to a
4 positive 6 MV terminal that contains

1 "ran undulator. System design uses
SCALE /three 60 degree chromatic bends for

the 180 degree achromat, resulting in
a design with very few magnetic
components, at the cost of an
inflexible, low tolerance design.

S 10to
- 5

0 5 10 15 20 25 30

DISTANCE (M)

Figure 5. Beam size and dispersion as a function of distance along the 6 MV path of
the system shown m Figure It Upper solid trace shows horizontal (bend plane) beam profile,
dashed trace shows vertical profile, lower solid trace shows dispersion function.

15
10

0

o 0 5 10 15 20 25 30 35
DISTANCE (1)

Figure 6. Beam size dispersion as a function of distance along the 12 MV path of
the system shown in Figure Upper solid trace shows horizontal (bend plane) beam profile,
dashed trace shows vertical profile, lower solid trace shows dispersion function.

5.50.0 %%

000 5 10 15 20 25

DISTANCE WK

Figure 7. The above figures use the code SCAAT for beam optics calculations. SCAAT can
include space charge Here, the dashed trace shows the SCAAT calculation in the absence of space
charge for the 6 MV horizontal beam profile of the system of figure 4. The solid trace is a
TRANSPORT calculation of the same beamline. The undulator has been removed, and the matching
conditions changed to allow for code comparison. (TRANSPORT only shows the profile from
element to element, and does not show waist development between elements. TRANSPORT does
not have an undulator element, requiring the modification of input.)
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P3.16 A COMPARISON OF THEORY AND EXPERIMENT IN AN ALL FEL MASTER

Stephen V. Benson, John M. J. Madey
Department of Physics, Duke University,

Durham NC 27706
Bruce Richmnan

Dept. of Applied Physics, Stanford University
Stanford, CA 94305

Louis Vintro
Deacon Research,

Suite #203,900 Welch Rd. Palo Alto CA 94305
and

Anup Bhowmik and Wayne McMullin
Rockwell International, Rocketdyne Division

6633 Canoga Ave. Canoga Ave. 91305

Using the simulation code FELIX we have modelled the performance of an all FEL
master oscillator/power amplifier. The results of the code are compared with the experimental results from
the Starillordj'Rockwell. MOPA experiment. Excellent agreement is seen.

Abtat Motivation

E ue asm beon *=uuiemsd on *. opersbn of an off FEL tenlr Einty FEi nomew acAsWa3ow sorodar~As) used a
fille.w euiyiriAn Ihe smel iWd reoms. Gain wa uekd @a d beN em irneer asf -oedate. The ascikaiNi wm nm~ *elI

as lkidoo .6 $111n dokrulig apicd wist poison. eedo beam ed i mtimeamiaatt III- u mmpMroughi ee o te ditwol
$0im m1idw~ dela. 0oO ft een midl em opii bern mere mat ciwvwe" of ommamond Wears arx! FELs. An so Fit. MOPA
ddweed by u wsmit aeooo besmspecrmoesr. .noi sdasw fs P oate IA makes 00 speWti i q; 0mpr adwop pra~em

uiami. beN@ Rd.o immeasmmiv. opied specd mosmeme mw* aa. No51 gmn ofteftW * ItciA to ,Ilkh Vt Oe wMop.
mi W maacnneauwa Uinaegmeusi pmsewife The nuidigcae mbeIideeanem d id-
01ieadag idocibermitew min A de oFELiX at os moe FELEX~dwlope at Lea Noms Nag, Leka) bA Ow"s coa deeoLd be
Nabowl Lab. we hIw #ftmed lisrei se for Ow dependence cofIMCPA benwuked apeul epeuinti remfir meg red ulbaI

Vainat 0l~ opoetlssilidf~ -o. Emosfinaees"mm . Thei condoM. The aeed.,' bean &nd ftopkai souut "enm ft aatw
00 ar '-ns. preemn in #0 ainteidon data domed tue I* emptai seven 0%tMi be mat dweenzed for em code boreildo
Oan fieMae in o. doil 1he resideas *610 a DAmnd of apeda We hwe coe~dy massed Owe opfti &Wu ufecto bern
Imea ciFEE. 1pdo aktv dmwi af~wuee mid Idgh ui kirdhtg of ft V hhI III FEL mid aoe'atr and have maohd 0
asyumoey of gut in a~oid II' , ak mode delse,' 0*86nut roaiw to Ow FEiiX amiieiors.

MOPA Schematic SEL Experimental Electron Seam Parameters

IW IF E~etrnm eg 38 M eV

_____________?k_____a ____A_ Peek Cureuil 35 A

Energy Spreed(PWHM111) *A%
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P3.17 Computer Simulation Of Cathode Heating By Back
Bombardment In The Microwave Electron Gun

C. B. McKee and John M. J. Madey
Department of Physics, Duke University
Durham, N.C. 27706, 919-684-8144

An electron beam with low normalized emittance, 2.5 x 10-6 m rad, can be
achieved by using a microwave electron gun as an injector for a RF linac.
However, cathode heating caused by back bombarding electrons causes a
ramp in the macropulse electron current structure. A transverse magnetic
field can be applied at the cathode to reduce this effect. The simulation finds
the optimum magnetic field.
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P3.1 8 The ETA-U1 Induction Linac as a Highx Average Power FEL Driver*

W. E. Nexsen, D. P. Atkinson, D. M. Barrett, Y.-C. Chen, .1. C. Clark, L. V. Griffith,
H. C. Kirbie, M. A. Newton, A. C. Paul, S. Sampayan, A. L. Throop, and W. C. Turner

Lawrence Livermore National Laboratory
University of California, Livermore, California 94530

The Experimental Test Accelerator-Il (ETA-Il) is the first induction linac designed specifically to power an FEL. It is

intended to demonstrate accelerator technology by driving 140 and 250 Gfls FELs which will be used for plasma heating
experiments in the Microwave Tokamak Experiment (MTX) at LLNL.

*Work performed under the auspices of the US Department of Energy by the Lawrence Livermore National Laboratory under

W-7405-ENG-48. ETA-1l accelerator development is part of SDIO/SDC's induction free-electron laser Science and Technology
Program.

ETA41l Is a testbed for high power IFEL teholg The ETA-U 3 kA Iniector Design

Oglltnese (Alrnz rsd' .2x 0*It Injector required to supply 3 kA beam current
at an A-K voltage of IMWV.

Current (kA L2IA* DPC code used to design diode Infector
&a a"configuration.

Searto ry (MOY) 6 AM

10 1M*Cathode Type "
Energy sweep(hedtotel) ±1%,UNfno 4111

Energy stability (puls to pulse) ±0.1% 7/90 Radius of365e
curvature

Flux line alignment (jam) ±100 11111 A-IC gap 7.6 cm
Conitroid displacement (r') ±1 111111 soino 4100

Rep refe (kilz) 5 55e/(01 Mse)

Durationl (sc) 0.5 1011

ETA-Il induction Cell Design 01 : ..

" Designed to minimize beam breakup (BBU) Instability. *The experim el I-V data agrees well with the

" Ferrite loading looks like transmission line, predictions of the DPC: code.

*Uniform electric field along surface of Insulator ETA-11 Iniector Ooerin euesIto Vacuum

iess than 50 kV/cm. Fild stress In gap less than o FEL experiments will require 3 kA, 50ns beam pulses
200 ky/cm. at a 5 kHz PRF for 0.5 sec.

a A M" type dispenser cathode capable of pulse current
densities greater than 50 A/cm

2
1s used.

JASON output o In early operation the cathode emission was poisoned

by the background pressure of Freon'113.

4 0 aFI~w10

PP(TORR)

" No evidence of the BBU seen at up to 3 kA beam o Use of Fiuorinert(FC75) and Vilon 0-rings In the
induction cells produced low 10-a Torr base pressures

current. (residual gases are mainly water vapor and CO) and
eliminated the poisoning.

" High voltage breakdown across the vacuum
surface of the Insulator Is an Intermittent o Using a 5" diameter type "M, cathode we have met our

problem. Cause Is under Investigation, requirements for a 3 kA. 50 ns pulse width, beam.
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VTAJ lillow Infiy Msprsen ETA4il brightness Is measured
Esto amgm sw bw poitin i allw awith a two hole collimator

o ol

0~~ 41 1 s

iox~ Ur nf

SB :iJ~humbrn ~ai+
11 L.Wsll 6411onI Ve * 911, O4Shs

44MA 6~~8 md owo

Ew. raw 41111 AV) low]) 13MA J(Ap sd- S Is
0 1nIa 12 14 1A sw ism 0S1115

E1111di FM oprto auivfe bean map nlae

Is wthi fit rofli fo obv IfsoETA-11 Magnetic Alignment
Coksrw Moe

Fbel Ilns Uf pl energ vuition e scorlserefe motion of theaum
o Correction coil current ratios for producing a col
block magnetic axis straight to within 0.1 mm of the
mechanical axis were obtained by tow energy electron
beam (LEEP) mapping.

o Celt blocks were opticalty aligned with respect to
each other.

o intercell solenoids were mechanically aligned. Fietd
errors produce corkscrew.

Corkscrew @it the wkt of ErAN Isolqe tor one sot of C&Wgitoes Is _ _ _ _ 5

*Effientd FEL OpsosIon roqias cofaecrow amplitudesdilum Stif &I1 fas -201 ___ 1L
alpm"A oftits miaged as 1s 0 s So asO ,0 0000 0 005 a0015 001 0ia020

Meetino the Energy Regulation Goals a (cm) X.

o Above corkscrew caused by ± 2% energy variation Is
predicted to cut FEL power In hailf.

" ETA-li energy regulation goal is ' 1% for 50 ns.
" Reconfiguration oi Cell power teed plus passive o LEEP gear for aligning the complete accelerator Is

under construction.
Compensation Is required.

" Present teed distorts high voitage pulse. EA1 ~grmSmA
" Response of ceii territes is ignored.

" Multi-cabie feed will eliminate distortion. 0 Assa test bed for high average average power
technology ETA-1t and associated experiments have

" Tapered PFL will compensate ior territe response "faileid their Initil goals.

-. .- ~.~ .. ~..;I -,PeSs. 0 Magnetic alignment and energy tinss are perceived

_______________ as the most Important problems faced In meeting the
_______________future go,' I f high average power.

-~0 Solutions for these problemsrll are ready to be
C 4;' Implemented and tested on ETA-1l.

o LEEP will be used tor magnetically aligning the
entire accelerator.

20 o Repacement of preent coil block puse power
feeds with muiti-cable teods pius passive
compensation should give required energy tlatness.

0 1 03C2 03C3 004 0 C5

E-9, qj es '. dE, E 0 These changes are scheduled tor the next year.

o Modei predicts energy regulation goat can be met.
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P3.19 Final Design and Cold Tests for a Harmonic Ubitron Amplifier Experiment*

H. Bluem,** R.H. Jackson, D.E. Pershingt J.H. Booske and V.L. Granatstein
Naval Research Laboratory, Code 6840 Lab. for Plasma Research, University of Maryland

Washington, D.C. 20375 College Park, MD 20742

The experiment will examine harmonic operation in a Ku band Ubitron. Three dimensional nonlinear
simulations of the interaction predict untapered efficiencies of 3% for the third harmonic and 7% for
the second harmonic periodic position. The project is presently in the cold test and assembly stage.

Introduction UNCOUPLED DISPERSION CURVES

0 Ubitrons/FELs are high voltage devices, V 2 100 kV. 40

0 For many applications higher frequencies at lower voltages

are deaired.
.30

* Harmonic operation of the ubitron is a possible way to Increase

the frequency while keeping the voltage low and the wiggler
period large enough to be practical. 20

sis For a given frequency and wiggler period the voltage reduction E21 E,1
scales as n2 as voltage goes to zero and 'Jn at high voltages. U.

10 n-1
m In waveguide configuratons, cutoff properties and grazing

incidence operation can be utilized to control the possible TEO TE 20

Interactions. 00 TEI01
-0.4 0 0.4 0.8 1.2

However, lower gain. bndwidth, and greater reetricilone on axial 1/.(1/cm)
velocity spread are also characteristic of hermonic operation.

SCHEMATIC OF HARMONIC UBITRON EXPERIMENT
INPUT

TCURRENT
COUPLR MOITORRF OUTPUT

LINEAR WIGGLER BA

'~~J COLLECTOR VACUUM PUMPING
PORT

Harmonic Ubitron Experimental Parameters ON AXIS FIELD OF 8 LAYER WIGGLER
harmonic no. 1 2 3 1.5
waveguide mode TE01 TE/TM11 TE01 1

voltage (kV) 250 120 55
current (A) 25 15 10 0.5

Bw (kG) 1.5 1.5 1.0 0 0

calc. efficiency (%) >15 7 3._
waveguide height (cm) 1.58 -0.5
waveguide width (cm) 3.48
Rb (cm) 0.25
Iw (cm) 3 .1.5 u lii. :
frequency (GHz) 12.4-18 0 5 10 1 20 25

Z (cm)
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INPUT COUPLER COLD TEST CONFIGURATION Frequency Response of Input Coupler to TE0l Mode

TWO EQUAL AMPITUDE,
IN PHASE INPUT SIGNALS, i. 5

TE10MOEIN WR62

TEOI MODE IN TEOI TO TE1O TAPER CV
WR137 WAVEGUIDE (WRI37 TO WR62) j *

WI -101
OUTPUT TAKEN

BEAM LIHERE 1

PERFORMANCE OF RF INPUT COUPLEROUPT -

Efficiently launches a TE01md nooesiewvllsTERITR

desired mode, TE1O Is 3.20 dE below) OTE ~
Beam hole contributes; to mode conversion below 16 0Hz, butWAE NJ

Phase difference between Input portsals criticalINE THRSORV UM
GROUP PUMPING CROSS-SECTION

PORT

SUMMARY

CALORIMETER PARAMETERS An experiment has been designed to study the feasiblity of utilizing harmonics

tolwrteoperating voltage of ubltrons

Flow rate: 100-1500mimi Operation at several harmonics will be achieved through voltage tuning

Temperature Difference Resolution: 5 0.0 * Third harmonic operation gives a factor of 5 voltage reduction
Rang ofA~em.: .1 - 1.* CAn eight layer REEL wiggler wtill provide fields up to Mk with good uniformity
Rang of ~emp: 0. - .00A higher order mode Input coupler has been designed which couples efficiently

Puise width: Is a.e ver the entire wavegulde bend with modeo control
Repititlon rate: 10 -60 Hz A calorimeter design which provides flexible handing of average and peak
Range of Measuirable Average Power: -c 1-:. 100 W power has been developed and Is under construcion

Range of Meaatxeable Peak Power: 10 kW -10 MW Complete assembly and operation are expected son

Work supported by the Office of Naval Research
*Laboratory for Plasma Research, Univ. of Md., College Park, MD 20742

t Mission Research Corp., Newington, VA 22122
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P3.20 ONDINE : Studies About A High Power Microwave F.E.L. At C.E.S.T.A.

H. BOTTOLLIER-CURTET, J. BARDY, C. BONNAFOND, C. BRUNO, J. DELVAUX, A. DEVIN
P. EYL, J. GARDELLE, G. GERMAIN, J. LABROUCHE, J. LAUNSPACH

P. LE TAILLANDIER, G. PITEL

Comnmissariat A l'Energie Atomique
Centre d'Etudes Scientifiques et Techniques d'Aquitaine

P.O.box 2 - 33114 LE BARP (France)

An Intense Relativistic Electron Beam Device (Marx generator + Pulse
forming network + Hot cathode : 3 MV, 1 kA) is completed for investigation of
a single pass amplifier at 35 GHz.

A bifilar helical wiggler with an adiabatic entrance immersed in a guiding
magnetic field will be used and a tapered output is planned.

A wave number spectrometer has been carefully designed to give a precise
multimode analysis in an oversized waveguide.

F.E.L. output is expected to be at several hundreds of Mw.

EUPHROSYNE: A PULSED POWER ACCEI ORATOR

i i
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P3.21 INTERACTION BETWEEN A RELATIVISTIC ELECTRON BEAM AND A
RELATIVISTICALL V STRONG ELECTROMAGNETIC PUMP WAVE

A. BOURDIER*, J.M. BUZZI

Laboratoire de Physique des Milieux Ionis~s, UPR 287 du CNRS

Ecole Polytechnique, 91128 Palaiseau Cedex /,France)

*Also in Centre d'Etudes de Limeil-Valenton, BP 27,

94190 Villeneuve-St-Georges Cedex (France)

We replace the wiggler by a strong electromagnetic pump wave. In a

frame in which the propagation of the wave is time dependent only, we

show that an electromagnetic wave can be amplified due to relativistic

effects. The pump wave can propagate either along or perpendicularly to

the beam.

we replace tiO -l).jiii ii .i stin elect rormoin ic pump wave. whichi i h eans (r lee veil ui,.iy -h respct' tO 0I.'), Tile condition

I propagate eithiel alig or perpendicularly to the beam, We show wichl ha. to be respemcted i.
I . In the first CIS,. the treatment of the ineractioni is greatly 0V, z c

-riplifled by making a Uneott transformation to a frame. L', in which
l),v spatial variable for th , i)q wave propagationi no longer appears. v is the speed of the beam in tile &L-frame.

(1) (C)When our condition applits in iF), the electric field of the pump
is given by

y I X

If we consider a supcluuions wave propagating in the a-direction
. th the general form -' E

A irt) As fei., e ..~t - .

slt-ni ~ t i i nVtV Iterc wa assume there in no, constant, magnetic field.

Con sider ing a pup ae propaating along the -axsi. we can
rTs quantity depends on tine, only in a frame iL-) tach as 1i, 2, 31. obtain (4) Cworking In (F)) a Mathieu eq. for the perturbation of the

V kc c magnetic field. This saio~n is nQ very Interesting as the factorI

V.is the phase nelocity of our wane In the lab-frame. Then in (LI) we study In detail the more interesting case when the pump

.. t propiagates perpendicularly to the beam (i (rF). Th electric field fi assumed to be In the n-direction. We start with Hasuweli's and
ii Lorntz's Eqs.. Combining the reroth order Cgs, we determine the form

of ihe'pump wane is (F) [3,5,61.
1.e- wish to use the dipoir. approzismation Is tO. tram frame ir), we

Then we linearize the"e equations and perform a Fourier
ii-(Li) transformation on space. We take the cross product with itof one of
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. .. .

1'k
2

aI - z (( - - .__1. 0B.0. Winkles, N. ., (I,--1t l v f T-t wl., I9(2).

p 4 2 on University mi,, - 1 , I,. -2 1 ,14.
p

C 2. A. bourdie . G. IL 2.s.P, vi I. i. h(Ii ity!.. IL't. A . 1

* C2kl (197S).

p . A. Sourdier, Tht ;t
+ 

J*lad , dvetIt., ilain-Sud Centre d'oi."

2 
(1970).

e 4. N.L. Tlintsadze. 7,. 1 T.,r2 . .'J. t2-.l191)( (Sovitet liy-.

JETP, IZ. 684 (1)7u1.
as a consequence

5. A. bourdier. D. 11.2h012,I..,, 2. Di O',t-a ad X. Fortin. Phys. 1V-.

mix 16 p Ia. 1194 (1978).

Let us consider for instance a beam such as 6. A. bourdler, G. Di 13o,.,, x. 'ortin, and C. Mass*lot, Phys. Rev.

S10-
"  

s. 
487 (1976).

then, -hen v0 
= 

,3 |( - 9.1O-")

1 - 5.6.10
?  

s
-
1

In the very relativistic situation vhen i0 - 0.91, (1 0. 8). wet have

I1ll * $.18s101 n
-

.

No. -e ms t take into consideration a 'nntant magnetic J; Id-

i. our mdl.
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P3.22
GAS LOADED FEL

THE GAS LOADED FEL AT X= 600 A
- Operating an FEL at short wavelengths is ekON"
expensive as it requires a storage ring to sar, U,"Y
provide very high energy electrons. The Elearks! ,goeff'4 nW_
gas-loaded FEL is designed to obtain short Siod, CA 9430

wavelengths without the necessity of very
expensive facilities. cwo,,m R:H.Pamel

- In a vacuum FEL, the electrons propagate 
A ,,0

with velocity; 
A Ho

v - Oc, w here c is the vacuum velocity of 1_, . , -u, -

light and 0 < I

Introducing a dielectric medium with
refractive index n slows the light wave but
does not significantly effect the velocity of
the electrons.

The synchronism condition becomes:

X. l+a- 4.2'
(n-I) t-

X.2y"
4.0

S..'

Thus a lower wavelength satisfies the Potential Vroblems with the GFEL"

synchronism condition for a given set of 3.:

beam and wiggler parameters than in the -Alterations in the electron beam because of

vacuum case. the scattering in the gas and the containingto foil.se.I ', : I

It is now possible to achieve net gain foil. o o 10 200

with the electron slipping or advancing by res r To) 10 o

one optical period per wiggler period, as 2-Plasma effects due to ionization ofTrr

indicated by the plus or minus sign in the gas molecules. To" a ,I W U , •

synchronism equation. GFEL EXPERIMENTS IN MARK I11

The advantages to adding a gas are: -GPEL first operated in MARK IllI.By
introducing 200 Torr of gas we obtained

I-The ability to tune the FEL over a large 7300 A wavelength shift in the infrared.

bandwidth.Wavelength shift from the
vacuum wavelength : The plasma generated from the ionization of

the hydrogen molecules diminished the EXPEIMENTS IN STANFORD

.i - - t I) oscillator gain, but this effect was eliminated ,USPER CONDUCTING

by the addition of an electron attachment ACCE.LERATOR.,

gas, C4 F8 .Gain was also reduced by At the present time. OFEL experiments are

2-A reduction in the cost and size 0f the multiple scattering of the beam electrons but conducted in Stanford Super Conducting

accelerator for a given waveleneth. this effect was not severe for a one meter of Accelerator (SCA).
wiggler length.Also it was very sensitive to

3-An increased gain per unit length. energy spread and focusing of the beam. With an electrpn beam of 66 Mev.we
obtained 350 A wavelength shift from
vacuum wavelength of 1.6 pum,with-5.8 Toff
of hydrogen.

Future experiments are planned at SCA:

GFEL Gain vs. Ht2 Pressure

1., W NW -Improve the gain.

t. -- .[ '- k d.-Lase at shorter wavelengths.

0.

0.4 
-increase the gas pressure.

0.2 - -

0.0 0 too N n m MARK lit
0 1i3o aoo ioo

H2 Pressure (Ton)

243



.FEL ATI600 -In contrast to the vacuum FEL, here the TAB I
wave falls behind the electron micropulse. FEL parameters for helium-Near the electronic resonance of helium. since the operation near resonance leads to F pf

which occurs at )W-.84 Athe index of a reduction in g&oup velocity for the wave.
refraction becomes large.so it is possible to and in turn. this sets a limit on the wiggler
use low gas pressures.hence less degradation length.

of electro beam quality. -Micropulse separation must be high enough
(several tens of nanoseconds) in order for the wigge piOd . 2.3c,With y- 220, and using typical electron plasma, which is produced by the collisions

beam parameters .15 Torr of helium is of electrons with gas atoms . to diffuse away. w lfyve IYk
sufficient to oscillate at .-600 A with wisle parmew, A. I
enough gain to overcome the mirror losses. -A helical wiggler is used to avoid the gain

reduction resulting from the Bessel function mEcim t-ec y 220-Some small wavelength tuning is possible coefficient.
by changing gas pressure. For example.with Normalize b ematame 7 R ad27 Torr of helium, oscillation wavelength -Around 600 A ,. mirror reflectivity is very Swo beam em spread 0.2-04'becomes 615 A. low, this necessitates the use of a ring cavity

with six or more multifaceted aluminum Ekcuvn beam radi 0.2 mm-Other schemes to operate around X-600 A mirrors , which has round trip reflectance P nxn0 Arequires much higher energies . and have in excess of 50 %. I Z,, u 6 ^
much more stringent requirements on the MAb-pl o ls hatelu 6 pntcelectron beam quality. -Absorption loss in helium is not assignificant as mirror losses. McroPuisc repelition period 80-10 t ncc

IIIE - .-

- - a
* Pm.

Single pass power gain vs
Single pass power gain vs beam energy eleron beam waist size. ve l vs h p
at X 600 A Waveleth

[a=220,i =7mmmrad a-220 , ao r ,5 d.2.3cm.AF./E = 0.2 % I

-... ,.P,, . is miiu reuie gai for s

Single pass gain vs wavelength for helium 4loaded GFEL. ai,,,., I

(PO/P) denotes the single pass small signalgain.Since the gain is quite high it is Diagram of proposed 600 A, GFEL ;evaluated at the exponential regime. a helical wiggler with a ring cavity

For AE/E = 0.2%, at X - 600 A signal is A boron nitride foil is used inline with
amplified by a factor of 9 , or 9.5 dB! the electron beam,. in order to prevent

the gas entering the accelerator.
(Po/P)mn is minimum rcquired gain for
the signal to build-tip .h1 has a very high
value becausc of the low reflectivity of the
mirrors at these wavelengths.
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P3.23 Microwiggler Free Electron Laser Experiment

R. Stoner, S.C. Chen, and G. Bekefi
Department of Physics, Plasma Fusion Center, and Research Laboratory of Electronics

MIT, Cambridge, MA 02139

We present experimental and computa- Goals of the MIT
tional results of several microwiggler struc- Microwiggler Project
tures having periods of 2.4-10 mm. Good
tunability and precisiun of wiggler field are * Design and build a tunable 50-period wiggler with a period

demonstrated. A peak field on axis of greater <1 cm, peak field amplitude of 3 kG, and of better than

than 5 kG is achieved with a 5 mm gap. We 1% percision of periodicity.
also describe our microwiggler FEL experi-
ment, (under construction) driven by a 450 9 Design and implement a tuned wiggler field amplitude pro-
kV Marx and a thermionic gun. file with random field amplitude errors of <1%.

e Develop e-beam optics for SLAC-style Pierce thermionic
Mrr Miro gier Tet Plee. - Physic-l Char.teriatica gun to obtain a beam of -2 mm radius.

1 - iW-2 5r
Pd 2A 0 I 1 Integrate icrowiggler, 450kV Marx accelerator, and thermionic
- .. .o G ~ >430 51 gun to produce/amplify <1.8 mm microwave radiation.

Number of peNod. 30 -S 4
Number of Co,..Pt Penod 4 4 4

Numbe TofTa Pen Co 160 140 AW) 8532 AWG) 50(32 A) MW-3 Design Greatly Increases Flux
Fen-Cone B - -- 18kG >4 kG Density Delivered Across the Gap

_ pe col) 125 120 150
in Iinenn regime

Tnablty - .h .1peood - . We placed the current windings as close as possible to
independently

t.ble the gap, and shortened and widened the poles pieces (as

compared to MNW-2):

= MW-3's magnetic field per input current density is

increased, and saturation field is many times larger

than that of MW-2.

"End effects" even at saturation-level fields are very

small.

* We eliminated flux return paths and greatly simplified the

core geometry,G

=:> Fabrication is made much easier, and the wiggler can

T be made very physically compact.

MIT Microwiggler MW-3

4 -5-

MW-3 MAGNETIC FLUX MAP (computed. POISSON)
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Field Properties of the MW-S Prototype On-Axis Peak Field vs. I -- MW-3 Prototype
5000 .--------

The folowing illustrations describe field properties of the 4500

MW-3 prototype: wo 4000. Measured

* Peak field (on axis) vs. input current at a location near 350-POSO

the middle of the wiggler (MEASURED). 3000

;r 2500
* Wiggler field Profiles along the wiggler axis - uXntuIId, u 00

and tuned to a IIlat amplitude profile (MEASURED). 1V 0 lp 50Gusapr
C

" Transverse field profile (MEASURED). 10001 Current pulses equiv. to 5.4 msec flattop

" Off-axis wiggler and axial field (CALCULATED, using a 50 - +

PSS ).0 10 20 30 40 50

Current per coil/amps (into 32 AWG wire)

By(y) Profile Across the Wiggler Gap (linear 8/1 regime) POISSON- Fields at waveguide wall (along axis at y= 1 .87 mm)

2.000__________ i 1500 -1 -- 1 -.- 4--- & -. & -+ . - 4 - -

1 a PISSN 
00 Y-comp. (n-axis By 600 G.)

t*0 Measurements ,

1.20 5S

0.0 0 Cm .2/-
1.0 -50

Polefaces at +-.250 cm.V -0

,2)60Waveguide extends to +-.187 cm. 0
m 0.400-1000

0-20 z -comp. (5-period simulation)

0________000__________ 
-1J500 * -4-

-0.250 -0.15;0 -0.0 0050 -0.-150 -- 0.250 0.000 0+500 1.000 1.500 2.000 2.500 3.000

y in cm. Axial Displacement From Wiggler Center (z in cm.)

MW-3 MEASURED ON-AXIS FIELD
(U NTU NED)

+ POISSON simulation (PEAKS ONLY)

*Z

BY(z) Z Measured Profile (CONTINUOUS CURVE)
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A "Copper-Only" Pulsed-Wiro Wiggler Scaling MW-S to a 5 mm Period/2.5 mm Gap
Concept Provides a Basi for the MW-S Design

C To produce a given field amplitude as a 10 mm period/5

" We have derived an analytical expression for a 2-d pulsed- mm gap design, the 5 mn period/2.5 mm gap design re-

wire structure (see next page for geometry): it is quires twice the input current de~nit. Therefore, to main-

tain a given field amplitude and a given conductor tem-

perature increase per shot, field pulse durations must be

By jY( ' ) sin nr reduced by a factor of 4.7rc o n-,.2 1eq '-
odd B>O

nirC 27rny 27rn e A 5 mn period/2.5 mm gap design has the same saturation
SsT--- XCOh- 5 Z field as the 10 mm/5 mnn system.

(j =current density in conductors) for the field inside the * A 5 mm period/2.5 mm gap design has 1 the (L/R) rise-

wiggler gap. time of the 10 mm/5 mm system.

* Lowest harmoni:: the 1- e' ' ) dependence means * A 5mmperiod/2.5 mmgapdesignhas 1 the characteristic

diminishing returns from extending conductors in the - conduction cooling time of the 10 mm/5 mm structure:

direction: and the e dependence means keep G/A as hence (4 x repetition rate) (4 x pulse length)

small as possible (a general result, of course). Same duty factor is attainable with 5 mm/2.5 mm

e Hence, for MNWN-3 - crowd as much current (conductor- geometry as with 10 mm/5 mm design.

borne and magetization-induced) as close to the polefaces

as possible. Windings therefore extend right :o the pole-

faces and fill up the spaces between the ferro-cores.

MIT Microwiggler FEL Experiment Summary

is Currently Under Development
. We have constructed a microwiggler prototype, MW-3,

1 e-beam: which has produced long-pulse (equivalent to Z 5 msec

13 mm radius, A-/y .01 fiat-top) magnetic field amplit J-s of nearly 5 kG. MW-3

10 Amperes at 450 kV: 1 1.88, 3 =0.847 produces a field amplitude linear in input current to about

SLAC-style Pierce thermionic gun/Marx bank 3 kG.

Axial guide field (2-plane wiggler focussing may also

be feasible) * A 3 kG shot heats MW-3's copper conductors by - 2°C

" Wiggler per mnsec. A repetition rate of I Hz for 1 msec, 3 kG pulses

1 cm period, 50 periods should be attainable with air cooling only.
3 mm gap/planar geometry5,' inear t kgomx ieldy 9 -kGGeneral scaling laws show that a 5 mm period/2.5 mn13/llinear to 3kG, max. field Z 5 kG

achieved bvy ropo MW-3 gap, scaled-down version of MW-3 could operate ai the
same magnetic field duty factor as the full-sized version.

* \Vaveguide

Cylindrical, 3 75 mm diameter We are developing a proof-of-concept microwiggler FEL

Cutoff frequency = 61.2 GHz experiment to produce/amplify 1.8 mm radiation.

Serves also as electron drift tube and axial guide field

magnet core

9 FEL output Reference
= cm. 3 = 847 - Output A = 1.81 mm [1] S.C. Chen, G. Bekefi,S. DiCecca, and

Output f = 166 GHz (fits in waveguide) R. Temkin, "Tunable microwigglers for

Single- pass gain e 100' (amplifier. linear regime) free-electron lasers", Appl. Phys. Lett.

P,-sr output >30 kW (oscillator) 54 (14), 1299 (1989)
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P3.25 MICRO-UNDULA TOR RESEARCH AT UCSB

K.P. Paulson, Quantum Institute, University of California, Santa Barbara, CA 93106

Micro-unduLator blocks made of Nd-Fe-B 100mm in length with a period of 4am have been tested at the

University of CaLifornia at Santa Barbara. The measurements have shown that there are several

problem dealing with micro-uidulators. Methods to cope with them have been developed. Chief among

them are large end fields due to the unique structure of the micro-undutator. As a possible

solution a flux return path is used to overcome the end field. Other problems and solutions will be

discussed. Field plots will be introduced.

F I GURES

Figure 1. Micro-Undutator block made of Nd-Fe-B (Vacodym 370 by Vacuumschmelze). Polarized

along the long (100mm) direction. The 2mw by 2*m grooves provide a 4am period.

The material left other than the crests is the bulk magnet

Figure 2. The field created by a micro-undutator block in the absence of ferrous material.

The large end fields need to be reduced.

Figure 3. The flux return path used in the experiment. The hatched section is made of steel.

The endcaps also cover some of the crest to provide some field tailoring.

Figure 4. First integral of one of the blocks. The dotted line is for a measurement about

1mm from the crests, the solid line is taken 3mm away. Since the two lines agree

this indicates that the problem is due to the bulk field. Note fluctuations In the

angle. This is due to easy-axis rotation and is best solved by a thin bulk field

along with steering coils and/or correction magnets.

Figure 5. Micro-Undulator block field corrected using ferrous shims. The rm error is 0.5%.

However 0.5mm further from the crests the error jumps to 3.7%. Therefore the

correction due to the shims is localized in y. The corrections shouldn't be

based only on rms error and correction methods shouldn't be Localized in y.
Methods to correct the field include steering coils and/or correction magnets on

the back side of the bulk magnet.

Figure 6. Dotted line is the first integral of Figure 5. The solid Line is the first

integral of the field with-it shims present. Note that even with 0.5% rm error

the first integral stilt wanders. Again rms error does not give a good measure of

field error.

CONCLUSION

The problem and solutions are:

1) Large end field: Correct by using flux return path

2) Easy-axis rotation: Correct by having thin bulk magnet along with steering coils and/or

correction magnets

3) Peak field errors: It is best not to worry about rms error and correct the field as in 2)

4) Block to block variations: Correct by thin bulk field and methot 1 2)
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P3.26 LELIA :Induction Accelerator Studies For High Peak Power

FEL Application at the Centre d"Etudes Scientifiques
et Techniques d'Aquitaine (C.E.S.T.A.)

J. LAUNSPACH, j.M. ANGLES, M4. ANGLES, P. ANTHOUARD, J. BARDY,
C. BONNAFOND, H. BOTTOLLIER-CURTET, G. BOUQUET, C. BRUNO, J. DELVAUX
A. DEVIN, P. EYHARTS, P. EYL, J1. GARDELLE, G. GERMAIN, J. LABROUCHE,

P. LE TAILLANDIER, Y. PRENVEILLE, W. STADNIKOFF, M. THEVENOT

Commissariat A l'Energie Atomique
Centre dlEtudes Scientifiques et Techniques d'Aquitaine

P.O.box 2 - 33114 LE BARP (France)

A survey of the FEL program using a linear induction accelerator (L.I.A.)
is presented.

In a first step, we use EUPHROSYNE re-designed to perform research on high
brightness electron beam injectors.

A microwave FEL amplifier experiment (35 GHz),using the electron beam from
EUPHROSYNE into a helical undulator is also in progress. At the same time we
are developing a magnetic energy compression generator that will produce short
(80 nsec), high voltage (150 kV) pulses to drive a LIA at a repetition rate of
about I kHz.

At CI.&T.A we are dov doe an FI.. ty bogoued an a Woolteethon 1014 ~ @th serf s pwn Wit ofNA Pregrn if steel tom MR
agater Shoes are cndited on two Wars. On the see hwe e t to aqw.t cad 0W.it wll be jimoIed in greater hdirl in a clodgnlan

k Othe knowledge on h.att,. accelertor tocted ly ms LLM has bow' esa38 pw star roatsh .

ar 1" hm Mata letLW prgrm wic toisitsof sela. ll &t see . 9-90 HWe aicftw. 6eM dle rvil by EUMMW see he
ft 14 ask todirldogy str.4ea CV40 WMab-rhd eor t a aa w a' inWh to AN*

and allwrat-.0 tlls te amii*atiu of a Mineolee "awe 40 N Ob

*09h lse gd e fnerator 1 150 kv 80 ni i to arive calls
As we are orare~s ted in high Pow power Fi 'he pulse p9nt't,-o lcas tO s se sdi 1-8) laeh" I o e w,iemd an agoaw Me

oo q a ahigh repeWof s@ ate *(tQ y . -
A mgne *, nery (&W'es gnt~A -111t a'I0t il Presenteo8.YW

The mis~ Qcpme.t.1 1 mfthodulator we
-A J# alf ~oiat shyly
-A 2 ViF .toraer ra.o.
-A ".so step up tran'foroe

A. " age. sth and a ootpo magne'.ci swi
-A load comornes by toenty-foo 50 &wn ciot tabls

h. -9iatltfns, injector stuies are p..ormird using a TlaOsc WeM ttfse
relatnst elect,'O beam deve. (alled FUPHfOSVM Plar. Generator _____________________________________

Pulse Forms" Lowe -cold Cathode 3 IV . 00 kA 50 itO soot1 shot 8050t Induction Accelerators used for high~ average
TO.. de..(. has beon o"If~o 1 that purpho oltd now coss of

-A conca~e then.oi~om r cirthoder powor FEL applications -means
A n nlt-odte electd

-A nlo. anoe with a iwapntc going hiato

1', .d -fl neered by -arts, of rarbanr, ornuc~n-9 m, ol Miei >_
90 NA -irt., 10 go a l1ft I kA V8 ns fiat 0 to te W;, ,
isi-cated ,in the (IAn med for olat ,mrr,,ai and theoreihial ettorfs ifence
'rdr ode *O'g, has been done us"n a Podfitd .elt,'@ of E-GUPh installed atr 11. Hihbihtes IHih rp tiin r t
4ine, Computer center There a,* alo OasiS to 01"tfo- nuieroai V'sies ofte() Hg rghns netts Hg e eiin rt
d.d. using several foul le 100 -9-NC -odes

Stilell Step 18#-#V Consorfowl of .t i r I-9 W9 in dAio itlactorI
It~~~flt 5 Y-It 3N lit-t.s~ld o Stuches Usinlg Khvoltage pulse generator

-EUPHROSYNE use Mageti lSoQfttt C sior~ 7%AGJ

Tlld Sim 190421 Censt~rtion of a V8 "V -I ftO esiwtron acceleato
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P3.29 STUDIES ABOUT APPLICATION OF FREE ELECTRON LASER

TO INERTIAL CONFINEMENT FUSION

K. Imasaki, T. Akiba*, K.Ohi,**, S. Kuruma, K. Mima*,
T. Yamanaka*, S. Nakai*, and C. Yamianaka

Institute for Laser Technology,
*Institute of Laser Engineering, Osaka University

"*Faculty of Engineering, Kansai University,
Suita, Osaka, Japan

Application of free electron laser to inertial confinement fusion has been studied.
conceptual design for 10 MJ system with beam accelerator, FEL and beam recovery system
was studied. Efficiency of total system including laser extraction, e-beam acceleration and
recovery was investigated.
The results implies FEL was promising for reactor energy driver for inertial confinement
fusion.

Conceptual Diagram of ICF Reactor System Reactor Gain:Go

r R=Pout + Preca + PA = rio GOAui 1)

I ~ec Energy Recovery Iwh r

I Preco Driver rI : driver efficiency, Gt: target gain

P. pscillator N : effective blanket multiplication factor,

fo FEL r~n : electric generator efficiency

. . ....... . mplftel IFor Commercial reactor
11 1I et G rio 0.4, M~. 1.2. Gt -100.

I Acc elerator E xtractoil Laser Gain GR > 10, Pout > Prc " PA

Pr*C1 Efficiency

To Driver I1 Requirement

Auxiliary Target GanI PL .4-8MJ/1tp
ps Power I p 1'V) ns (laser pulse length)

Pa oweIG Laser wavelength 5000 - 2000 Afor a good coupling

Reactor FID > 20 %

Mult., 'ication M Driven Efficiency nio

Output1  Electric Generator rio Iflrb izI tPrect 1+R-(1 -rib flext ) rireco

Pout where R = rib riext
t.-------------------------------------------------------------riosc GL

Reactor Gain Ge Fig 2. Reactor gain, requirements for the driver and driver

Fig. I Conceptual diagram of reactor system using FEL as the efficiency

energy driver. Fig 3. Calculated driver efficiency to thextraction eficiency.

0.6- 0.6-
I' a0.4 nu0.5 nreco a 0.9

0.4- - n.c G L 1 rrecog 0.4- %asc GL%5.0.

- -0.8 nd - . 0

0.2 --- - 0. . .

- -- -- - 0.5 ---

0 I0
0 0.1 net 0.2 0 0.1 11et 0.2
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Computer Simulation for extbaction effciency Energy Spread Effect to FEL Gain and Extraction Efficiency
FUUNDE,( nonlinear tapered wiggler) 100GW Laser Injection

*3D code including laser and e-beam coupling in 2G&V . SOktA

space. 200 2

*calculate multixnode and wave amplification. Tot1

SimultionParaeter C

Beam Energy Eb: 200,MeV - 2 GeV Uc

Beam Current 1b: 20KA -50 KA TM00

Beam Size D,:3mm0
Laser Size DO:MM 

1 c

Wave Length 3500 A iI

Wiggler constant/I linear andE

nonlinear tapered 
X

length 105 m

K -'50

Results on nonlinear taper wiggler gave a maximum 0 0.5 1.0 0

efficiency and gain. Trapping efficiency is the most Ay/y %

important to improve FEL efficiency on tapered

wiggler.

Limitations for Window LPL

. Experimental emittance scaling
1 Siuato

lb .1.1 X< 1041 e-

BBU Instability CBU(Reduced)

Ib W, Z. rrZ 

BBh(eucd

1
A~MP 

A
8 .~ 

indo
UE MPR

Minimum Power Requirement for E-besM4
1  *1.0

lb'Eb Nb qtt L > 400 TW

Nb Beam NumberWigeAra EI

Indctin Acelraor ailn SliterSystem to target Beam Energy

2Gev S~kA oons seemn i0onsu

Bes" l l injection Port

wiggler End 7

inverse Tokamakt*

Implosion targeta

Magnet

Power

rb Reference

rt 1) S. Segall : KMISF.L'806 (1975)

2)C, Yamnanaka edit: ILE Int. Rep. Conceptual Design

for ICF Reactori 1979)

Focuing onsrt -0.2 mm 3) D. Prosaitz: LLNL UCRL*95 (198B4)

wouihlwng ara conein b m cmn 4) K. Imasaki et al. Rev. Laser Engin. 17 (1989) 71

\cavity m -2 CM 5)J. D. Laso : The Physics of Charged Particle

Beams Oxford, England (1977) 178

6) R. 4. Briggs: IEEE NS-28 (1981) 3360
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P3.31 COMPACT RF-LINAC FREE-ELECTRON LASERS

John C. Goldstein, Richard L. Sheffield, Bruce E. Caristen, and Roger W. Warren
Group X-1, MS E531

Los Alamos National Laboratory
Los Alamos, NM 87545

The use of high currents and excellent beam quality produced by a photoinjector
combined with a short-period wiggler leads to a new generation of smaller FELs.

__ __ __ __ __ __ _ __ __ __ __ __ _ Simulation of compact FEL perimanc.

" WO p118201 a Peelknssiny design, for co Oiic Mioec~drlvna frisejectim lawe . Fullyll-3-Dslulatlons were puease wot doe code FEM Mar ode laIue 3.D
a! indCVaid. itin siseuigde3DSiui~incd EE n i otion ofel..... negy spread. diffraction. mode ovelap. etc.

" TIN design as bosed upon two tchnsological vasces: . 71edulto am U2stingle t (simn* flequacyy mapw, pai effs e ei.
(1)A eryhih irihtini ,. Single-puts gains were calaslaed s deteesmee mid-signal pinm san as pi a

(I)A ay ig brghnes eectonbease generated with a laser-ullinnaed a function of the optical Wavelength and die wiggler paameers5.

M~shrt-as 3ftlo~u).gltrW(% l.0_W~a whpde& Multiple-pas single-wavelength calculatios were puded f t detesule One welf-
(2)e A imipenld(. n.) ihfed(w 10 ~ge aewt esd comissently-callculawe steady-Mteoaft o sobstions.

*We utah dl te limc 10 IS 56ev an r the shielding requissneuas for the devimr
* flu Imaeia WuOiMN ofte le stpectd us rech svel perce

eatracto efrIciency, which coeresponds u0s rincropulse-avetuged opt"ca power output
ofsu of kilowatts atnd -iu-aea output or several Wattg.

O~%cs paramete values in tMe simulationis. The perbmf1afl of a compact FUL with two diffeg wigglers
_____________________________________was simulated.

noTh optkcal I "osan was taken s be a simple stable two-mintorn-cnetc
cavity of a fized length: 277.777 cmi. Wiggler Wavelength. cmn Magnetic fleld. T av Fell gMp cn

* heRayeihraigews alahcsnd us be - us one-halfof the wigglr.lngth.
This ts the condiion for minunwim vignetting losses at the ends of the wiggler.

T~catrrhwllif *",wtdi,-rmote1019 1.1911872 1.0 0.3
* 5WM coupling was taken us be 10% rniv unto uisission (votal for both mirroes).

flie niwyqe wen el uh arge than the optical spo nizes so that no losae occurred on
those elensents. Vignetting toase at the ends of the wiggler were included by putting
sputire ofi tise equal us the gap of the wiggler t the ends of the wiggler. 2 0.3 3.5735616 1.0 0.1

*wigglers with two different wavmelengtl. were cornidered. since the same electinn
beam" was usd us drive each wiggler. two different radiation wavelengths arose in
thes simulations: about 8 pmn &,id about 2.7 pmn.

The FEL perfunnsne with vulos lengths of these two niggles was evaluated.
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Ekdrion-beam propedies from PARMfELA simulation. Resuft of INEX simulation of compact FEL vith wiggle 1.

-m- p.. *.a, q*t~. f~~'

6.0. b 0.
-

4 ...

a.. 1 .4-. .0 ** -0 a. a. a. * ..

____________________________Summary and conclusion.

COMPACT FEL DESIGN
USING PHOTOINJECTOR W m 8dtpo mWw&~c a wnwo

r Te digin is mae possoble by fie exsms of iwo hignsrcaw ftckmokoiWa duei

(Oni)T ime.fummae ploscaiodnjowwrfor die f-lina aa'e p.kva
~~ high-Wilkue.tn decbo beans The welerua desig makes onc of odwe -oc-eoIue

( 2 ) 0 M A W R p s ad o w f r i o u n l e m b e s e go P m av i m m i- en o l em m 9 a m )

~~ - ~ fkel (a. - 1.0) *igkmsi

0 1 2 3 4 5 10TI-Yb k-bwwdwihahgi-w W I p O

SMAE (ft) die iWIN k ~lit to 10 - 14 prio whke maimammg an opulci fayleio f
-qW0 gom-lusif of de wiggler's lengt Tis psodoMeg aw lage .ioopticdSp,

20 MeV. 10 pS MACROPULSE. 20 xamrinwvod die mire. to a&"W damage

350 A. PEAK SUMACE FIELD a 60 MV/rn We esPsllasc cwWFBAobe I Iale of pmdeclsupogo.wigof svo
power.
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P3@34 The Impact of Field Error Reduction Techniques on FEL Performance

W. P. Marable, E. Esareya) and C. M. Tanga)

Department of Physics and Astronomy
University of Maryland
College Park, Maryland

There have been extensive studies on the effects of intrinsic field errors on the
operation and performance of free electron lasers (FELs) based predominately on
simple models for the spatial form and statistical properties of the field errors.
In the present study we consider the effects of i) compensation magnets, ii) general
spatial forms which are more realistic models of experimental wigglers and iii)
statistical correlations of the field errors. This theoretical study has resulted in
a quantitative means of measuring the relative merit of these experimental techniques
for reducing wiggler field error effects.

Simple Model(Un-Correlated Errors) Macro-Scale Field Error Correlations

B. (z) = (eNv (z) + B.)sink. z,

B. (z) = (E N. (z) + B.) cos k.z, N5 ()Bf (!)eH(,- + Zvi) H (L-:- - Zvi)

ENS, (z) 6Be'i~H L+ Zvi) H (L Zvi) (z Bf Ef6m

fiv.(Z) 6BtE'6sm., ~H (L ) a 2 fB )2\4 i 4 / I ( . "_ '\ 1. sin( &k,,./2)S .
_- H, (L . 2)}E

{2}Ens 2 ( sin2kz) S, 4{f 2 (i -1) -4{fv (i- l)fv (i- 2))En'

1 )) En,I f2 - Ens Ens
12En ( sn k., ,- {f: (i)f:v (i -{f 2))

a= z+ ,2k + 2{fv (i) f (i - 2)}En + {f 2 (i)} Er,

Micro-Scaled Field Error Correlations 1.0

3

B, B. Cosk'z + {ZI6B(P)3(P) (z) JrP) (i) 0.5-

p=1  (n

t 0

) _-.05.

= ' ()- cosk.z,

)x . Z 4

The spatial forns used to model micro-correlationB, = 1.5.
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.03-

1.0
E In

N .02-

v-i A
In 4

3' i .5

.0 1
2

C

0 0 D
0 I2 3 4

z (M) 0 .2 .4 .6 .8 L.O

Transverse displacement ,fx2}~En, for micro-correlations ZI
with A) spatial form (1;, B) spatial form (2) and C) spatial
form (3) with S - 1.5. No macro-correlations CL - 0 - .Relative phase shake for focusing strength k L - 5.0

and arearing rates -/X 0.1,2,3. (A,B,C , D

Multi-Steering Theory

z

A' 00) +1

"-3 .04

O00

(i ) in k (i Of0 
.2 .4 z/L . 1.

Relative transverse displacement for focusing strength

k6L - 5.0 and steering rates if - 0,1,2.3. (A,B,C,D)

z
nCase of Inexact Steering

z 1,0- Eno f',,,A Vn (old) + - I. + 2.0.5

(X -_ z - i ) f 2 z' i 1 f 3

The condition for non-perfect steering to yield negligible effects
with regard to beam walk-off and phase shift, as compared to

0 Iperfect steering, can be expressed as,

01 2 .2 .4.. .

z M)y2a 6 mz1..se shake for micro-correlations with A) spatial form (1)., (2 6BCmzL
L )-patia fori (2) and C) spatial form (3) with R - 1.5. 1o

kNo -.cro-cosrrenitions (a - 0 - B.
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P3.36 Waveguide Effects in Superradiant Free-Electron Lasers*

W. M. Sharp and S. S.Yu
Lawrence Livermore National Laboratory

Livermore, California 94550, USA

A quasi three-dimensional time-dependent particle simulation has been developed to model slippage effects in
a single-pass microwave FEL. The code is used here to model the large-amplitude "superradiant" signal that can
develop in the slippage region of constant-current beams. Results are presented for single-mode and multiple-mode
cases, and the effects of the waveguide dimensions, detuning, energy spread, and the initial power in the modes
are discussed.

Performed jointly under the auspices of the US DOE by LLNL under W-7405-ENG-48 and for the DOD under
SDIO/SDC-ATC MIPR No. W31RPD-8-D5005.
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EX3.2 Harmonic Generation-Strength and Mode Sh.pe*

Brian E. Newnam, Roger W. Warren, Donald W. Feldman, and William E. Stein
Los Alamos National Laboratory, MS J564

Los Alamos, New Mexico 87545

We have measured the intensities and mode shapes of the light produced at the second-,

third-, and fifth harmonics of the Los Alamos free-electron laser oscillator operating near

10 Im. The strengths and shapes could be changed markedly by slight shifts in system

parameters. We present explanations for these unexpected effects.

*Work supported in part by the U.S. Army Defense Command and Los Alamos National
Laboratory Institutional Supporting Research funds, and conducted under the auspices of the
'.S. Department of Energy.

FEL OPERATING PARAMETERS OVERVIEW OF RESULTS

WAVELENGTH 10-12 p, 10. HARMONIC EFFICIENCIES VS RESONATOR 0:

PEAK CURRENT 400- 600 A ORDER p_1L.LLWOa-

ENERGY SPREAD -1-2% 2 10
- 

(7X10
5 U yw) -

BEAM EuITTANCE - 2i m,,,r, FWHM 3 10-
$ 

(5 Xi - ) 10
"
4 - i02 (LASE)

UNDULATOR GAP 6.0 mm or .8 m 4 ,t107 (4Xi0 - ) -

UNDULATOR PARAMETER K a 1.0 or 0.71 5 10-
7 (3xi04 

- ) x10
5 . 

2 Xri
4

RESONATOR MIRRORS REAR: Cu (R.%)

OUTPUT: ZnS&VThF 4 on ZnUs

(Rx%. -% at 10- 12 p) HARMONIC EFFICIENCY VS CURRENT: LUTTLE EFFECT

SPECTRAL WIDTH - 0.%. S,4GLE LINE (BEAM EWTANCE BCREASES Wrr CHAR-

OVERVIEW OF RESULTS SUMMARY

CAVITY LENGTH DETUNING DEPENDENCE: EFFICIENCY OF HARMONIC GENERATION FOR

HARMONIC POWER DETUNING CURVES SIMILAR IS LESS THAN MEASURED FOR STANFORD P9.
PROBABLY DUE TO GREATER EMIITANCE.TO FUNDAMENTAL, EXCEPT WHEN

NEAR LASING THRESHOLD FOR 3RD HARMONIC
HARMONIC SPATIAL PROFILES ARE sENSrrfE TO

ALIGNMENT OF ELECTRON BEAM AND MIRROR TILT.
SPATIAL DISTRIBUTIONS: SECOND HARMONIC WAS MOST SENSITIVE

FUNDAMENTAL: SINGLE LOBE - GAUSSIAN

SEkXND HARMONIC: DOUBLE LOBE WTrH AXIAL NULL LARGE ENHANCEMENT CAN ARISE FROM LOW-LOSS

OR OUASI DONUT. RESONATOR AT HARMONIC WAVELENGTHS.

- VERY SENSITVE TO BEAM & MIRROR ALIGNMENT. COHERENT ADDITION OF ELECTRIC FIELDS CAN
EXPLAIN LARGE POWER ICREASE OF ORDER -100.

THIRD HARMOMC: MAJOR CENTRAL LOBE WiTH • 10
3 mANCEMENT REQUIRES IRJTHER MALYSlI

TWO MINOR LOBES.
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SPATIAL PROFILE OF THE FUNDAMENTAL AT 10-5 pin SPATiAL PRcFILE OF THE SECOND HARMCNIC AT 5.25 ian

31v

-~flo

~ - LOPSIDED PATTERNS WERE SEEN FOR CERTAIN

ELECTRON-BEAU POSITON OR FOCUS ADJUSTMENTS
SPATIAL P~ROFILE OF THE THIRD HARMONIC AT 3.5 ILunt

/G .5 0 53v

PEAKING OF THE FUNDAMENTAL POWER SOME77MES NEARLY EQUAL THRE-E-LODE, THIRD-HARMONIC PROFILESR7ESULTED IN ONLY ONE LOBE FOR THE 2ND HARMONIC RESULTED FROM CERTAIN ELECTRON-BEAM ALIGNMENTS

Central Profile

Profiles at t2mm

from Center

APERTURE SCANS OF THE THIRD HARMONIC

AT ±2 mm FROM BEAM CENTER

PHAS OFADDE FILDSEFFICIENCY CAN BE GREATLY
IS IMPORTANT EHNE O p0

It ETOT

-. =
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EX3.3
THE LOS ALAMOS HIGH-BRIGHTNESS ACCELERATOR FEL (HIBAF)

W. D. Cornelius, S. Bender, K. Meier, L. E. Thode, and J. M. Watson
5os Alamos National Laboratory, Los Alamos NM 87545

The 10 pm Los Alamos FEL facility is being upgraded. The
conventional electron gun and bunchers have been replaced with a
much more compact 6 MeV photoinjector accelerator. By re-using
existing parts from previous experiments, the primary beam energy
will be doubled to 40 MeV. With the existing 1 meter wiggler
(AW=2.7 cm) and resonator, the facility can produce photons with
wavelengths from 3 to 100 gm when lasing on the fundamental mode
and produce photons in the visible spectrum with short-period
wigglers or harmonic operation. After installation of a 1500 bend,
a second wiggler will be added as an amplifier. The installation
of laser transport tubes between the accelerator vault and an
upstairs laboratory will provide experimenters with a radiation-
free environment for experiments. Although the initial
experimental program of the upgraded facility will be to test the
single accelerator-master oscillator/power amplifier configuration,
some portion of the operational time of the facility can be
dedicated to user experiments.

U ID
44 -

E-
17. II

If In

0 0

i I X

II I!
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E X3 4 FIRST DEMONSTRA TION OF A FREE-ELECTRON LASER DRIVEN BY
ELECTRONS FROM A LASER IRRADIATED PHOTO CA THODE

Mark Curtin, Glenn Bennett, Anup Bhowmik, Robert Burke and Phillip Metty
Rockwell International, Rocketdyne Division

6633 Canoga Avenue, Canoga Park, CA 91303
and

Stephen V. Benson and John M. J. Madey
Stanford Photon Research Laboratory

Stanford University, Stanford, CA 94305

We report the results from the first operation of a free-electron laser driven by electrons from a
laser irradiated photocathode. A tripled Nd:Yag mode-locked drive laser was used to irradiate a
LaB6 cathode positioned within a microwave gun to produce 700 pC micropulses. Peak currents
in excess of 125 Amp were observed for electron beams having an energy spread of 0.8%
(FWHM) at 38.5 MeV and an emittance, at the undualtor, comparable to that observed for
thermnionic opertion of the cathode. Preliminary estimates for beam brightness deliverable to the
undulator range from 3.5 x 1011 (A/rn2 ) to 5.5 x 1011(A/m 2).

LAYOUT OF THE STANFORD PHOTON RESEARCH PHOTOCATHODE DRIVE LASER / RF UINAC IMING
LABORATORY__________________ ____

L-Mak),~~~~DIV LASER~d 9-8, RAMEo TERS of T C

WAVLEGT 31"r~

REP. RATE10 H

&~9& $*4 E-EA PRAET

-% mmt-ia

-.- .1%Si Mili - -a
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CHARGE CONTAINED IN A MICROPULSE CAN BE INDIVIDUAL MICROPULSES WERE RESOLVED USING A
ESTIMATED FROM THE AVERAGE MACROPULSE CHARGE Au-Go DETECTOR
AS MEASURED BY THE GUN AND LINAC TOROIDS

GUN #1 TOROID LINAC TOROID MICROPULSES WERE SEPARATED BY 10.5 nsoc

MICROPULSE CHARGE MICROPULSE CHARGE
~250 poou - 130 pcoul

A PEAK INTRACAVITY POWER OF - 200 MW COMPARISON OF ELECTRON BEAM PARAMETERS (AT
WAS MEASURED THE UNDULATOR) FOR THERMIONIC OPERATION AND

PHOTOC ATHODE OPERATION
" OPTICAL MACROPULSE ENERGIES BETWEEN 0.3 - 0.5 mJ WERE '"

MEASURED USING A PYROELECTRIC DETECTOR THERMIONIC PHOTOCATHODE

" OPTICAL MACROPULSE DURATION WAS 2.5 gm PARAMETER OPERATION OPERATION

* ALPHA MAGNET CALIBRATION FROM PREVIOUS MOPA
EXPERIMENTS SUGGESTS A 2 pew MICROPULISE MICROPULSE CHARGE (pCou) 70 170(al linac tOrOId)

SMALL SIGNAL GAIN (per pas) 60% 100%

MICROPULSE CURRENT (A) 36 60
(a calculated from the small Nganl gain)

NORMALIZED EMITTANCE (mm-mrad)
lox ex

4' 49

PEAK BRKG TTNESS (A/m
2
) 1.8 a 10 3.8 alO0'

TYPICAL MACROPULSE ENERGY 0.35 mJ .

PHOTOCATHODE DRIVEN FEL OPTICAL MACROPULSE ROCKETDYNESTANFORD PHOTOCATHODE
ACHIEVEMENTS

AMPLITUDE FLUCTUATIONS WITHIN THE FEL MACROPULSE RESULT FROM FIRST DEMONSTRATION OF A PHOTOCATHODE DRIVEN FEL
SMALL FLUCTUATIONS WITHIN THE DRIVE LASER MACROPULSE OSCILLATOR USING THE MARK III RF-LINAC AND THE ROCKETOYNE 2

METER UNDULATOR
'SIERRA MOUNTAIN EFFECT* OBSERVED PEAK CURRENTS IN EXCESS OF 125 AMP AT 38.5 kbV

* MEASURED E-BEAM ENERGY SPREAD OF 0.8% AFTER LINAC

*EMITTANCE AFTER LINAC COMPARABLE TO THERMIONIC EMITTANCE

OBSERVED SUSTAINABLE SMALL SIGNAL GAIN IN EXCESS OF 100% PER
PASS AT 3.1 jan

PRELIMINARY MEASUREMENTS OF TRANSVERSE EMITTANCE AT
UNDULATOR USING SPONTANEOUS EMISSION SUGGEST THE
EMITTANCE IS PRESERVED THROUGH THE TRANSPORT LINE

* VERIFIED LaB QUANTUM EFFICIENCY AT l0e (0 100 amptn1r2 )

Au - Go DETECTOR • ACCUMULATED - 100 HRS OF PHOTOCATHODE OPERATION WITH NO
OBSERVABLE DETERIORATION OF THE LaBs CATHODE
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EX3.5 INEX Applied to the Boeing Aerospace FEL System

R.L.Tokar,S.C.Bender,K.D.Chan,A.H.Lumpkin,B .D.McVey,L.E.Thode,L.MV.Young,
Los Alamos National Laboratory,M.S.E531,Los Alanmos NM 87545

D.H.Dowell ,A.R.Lowrey,A.D.Yeremian.
Boeing Aerospace Company,M.S.2R-00,Seattle,WA 98124

R.Justice
EG&G, Los Alamos,NM 87545

The INEX (integrated numerical gperiment) philosophy is used to model the if linac driven
0.6 g~m FEL oscillator at Boeing Aerospace Company (BAC). INEX links -accelerator and
EEL physics codes to provide an end-to-end model of the system. For a mild tapered wig-
gler in use in May,1989, MNX predicts an extraction efficiency of about 1.25%, with the ex-
periment achieving 1.0%. Sideband development in the experiment is in good agreement with
ID pulse simulations.

21.-INEX Energy Distribution at the Wiggler Entrance INEX Current and 90% Ernitiance at the Wiggler Entrance

300.0

I (A)
214.0- EVEy

YOZ (nt mmr-mrad)

212.0] 8EEO.

101

210.0 I

-0.'6 -04 -0.2 0.0 0.2 0.4 0.6 0.0

z position within micropulse (cm) -0.4 -0.2 0.0 0.2 0.4
z position within micropulse (cm)

Pulse Shape at the Wiggler Exit and Extraction Efficiency v.s. 7 3.0 1 lave=' .25%

I SSG=200.300%

2.0A

-44.

O'00 X (cm) -0.4 0.0 0.4Z (cm) 0. 0a position within m, pulse (cm)
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TH3.1 Current Research in FEL Theory*
E. T. Scharlemann

Lawrence Livermore National Laboratory
University of California, Livermore, California 94550

A simple summary and explanation of several areas of current theoretical research - supperradiance, harmonic
em~ission, and wiggler field errors - is attempted. "Superradiance" refers to a modification of exponential growth
and saturation at the trailing edge of an electron beam pulse, where the presence of the edge boundary condition
is felt. Our understanding of harmonic emission has recently been improved wit~h the discovery of a much stronger
coupling to even harmonics, including a resonant coupling to the second harmonic. Finally, the varied effects of
pole-to-pole magnetic field errors in a wiggler are summarized, along with the ways in which their effects can be
reduced.

Work performed jointly under the auspices of the U. S. DOE by LLNL under contract W-7405-ENG-48 and for
the SDIO and USASDC in support of SDIO/SDC MIPR No. W31RPD-9-D5007.

Current research In FEL theory Superradlant emission In FELS

A highly prejudiced selection:
- superrdlance SI~psgo of light with respect to electrons In an FEL change.
- harmonic emission exponential growth and saturation
- wiggler errors - Light modulatlons propagaite with gfo. velciyv,

-Electrons travel longhtudina t v,~
that omite - sal e' so talihmoeaedofhelectrons

- sidebands Background
- optical guiding - Bonifaclo, Casgrande JOSA B32(1985) 250;
- effects of optical guiding on sidebande NIM A239 (1985) 36: Slippage represented
- shot noise, amplified spontaneous emission by radiation damping term -4 n"' dependence of
- quantum effects equlibrium radiated intensity

- osilltor odeevoktlo wit cwelecron- Bonhtfaclo, McNeil N1MA272 (1988) 280: very s~r puls-oclaomosekiin(e.g. wihc hcrnbeams) simulations with slippage exhibited spiking behavior
- two-stage FELa - nx at trailing edgei of pulse
- modeling of electron beam phase spae effects - Bonlfaclo, MarcH, Plovefls Optics Comm 68 (1988) 360:
- comparisons with experiments analytical treatment of exponential gain with slippagei
- analysis of unconventional FEL scheme@

Superradiant effects occur at the trailing edge Superradlance can be simply understood by
of an electron pulse L3 considering the effect of very rapid slippage _ u

'Ve"y rapi slippage"
Ught nwiuallans propsiagm= time delay

4. # .rogfemina Ignored
f

.4 Bunching In
I 4input signal

Bunchng ~ plus signal from
04.(Vhr Buchn In Inu two previous

- ~'signal only bunchee
bunching *,,d 4F .

nidisdon 0 4' 2X. 3). 4X.
de",iod by 0 J. 'Sawdy ws Ir

P ~ , no trnfiaaec fray,
1?VPl"eg signa t

IBunching in etc.
VP Inputsignal

~.Z-v plus signal
0 podonw eAth radiated by

Wewnbftn -- oran bown puim one previous
afcuw,. mom on iino bunch

of constant t)
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"Collective variables" can be used to obtain a
quantitative treatment of superradiant emission 12 Specific cases (cont'd)

Binchitg peUWt b - (04* 0 . (k +* k,) z - ad
c)Laplace transform in t to In corporate boundary

Reid strength A- E. c conditions at t .o and o
SA, b - 5*dU',. asymptotically

Linearized, normalized, on resonance, arnd for rapid slippage: Equations withot rapid alippege aasumptioni
Bunching at fixed t evolves in have an identica form with different vulle
response to field A U - Z- Vot v-Vt-i

PI)~~~~~~~ ~ ~ ~ ~ ~ LA.b Fdi mlfe ybnhn ste=ame. symptotic aohifdon
[~ (l- = ight propagates over the pulse if saturation is assumed to occur when

T "bounce f requency' a 'growth rate" then
Negligie for rapid allippege p"0rl 2= w aefdiance

specific caaee: *Nonlinear state appears to Involve very short
a) 11-+ 1; standard cubhic dispersion relation time scale spiking with Intensity - W2

b) *eK - dependence,-4 ok) relation that ignores boundary
condition at tall of pule

Connection between superradiance and sidebands Harmonic emission from a free-lectron laser

Exponential growth Is very different Background: "standard' coupling to harmionics in
- Difernt quita:Colson IEEE JOE OE.1 7 (1981) 1417

*Zero field, zero bunching fo Datol, cci hyaRv ia(18582
*Saturated field and bunching for aidebanda Describes non-reeonari emission In a linear wiggler (even one with

- Different boundary conditions a perfectly sinuaoidal field)
- Different growth rates - Single a- coupling ariss from non-sinusoidal wiggi motion

Non-kwa evluton apeas ientcal-4 Spontaneous emission of harmonic, by itself

- Spiking with electrons undergoing 1/2 synchrotron - nyodhroisfraind@
oscillation through each at, 4 - Non-sinusoidal bunching
(Waren, Goldstein, Newnani NIM A.250 (1986) 19) -4 Coee spontaneous emalon from bunching at

fundamental, or
*perhaps the non-linea stae of aON Instablities Involving -4 Gain at harmonics: non-resonant, so tapering
slippae will look the same cannot work

(Oscillation at harmonics observed by TRW
Stanford, LAN... )

"Non-standard" harmonic emission "Non-standard" harmonic emission (2) 1

Schmitt, Elliott Phys Rev. A.34 (1966) 4143 I rsneo il rdet
Resongjant coup,:ng of 21 harmonic to field gradient Wiggle motion V - I cos kz (as before)

*Can be derived from @- energy equation: Phroiofsgafel

e - -. = -~-(x - xd as seen by one electron

Wiggemoton fcoe z soWiggle motion - sin k~i

nO harmonic of signal field (no gradient) V.9-coskz - coos[n(kz-oAJ.) j &lnk,.z

s fin (i~kz - oA) . 01 ~ (x - x

v E - sin [((r * k, )z - n ad +
--------- 0 -- sin [(r + 2k) i -n 01OnI

Slowly varying near-----
resonance only for n . I Slowly varying near resonance f or n =2

=Standard non-rssonant coupling Bu - -. T so coupling Is reduced from fundamental
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"Non-standard" harmonic emission (3) The effect of wiggler errors on FEL performance

* Couping to field gradient implies coherent spontaneous
emission or gainf- odoptical mode Background:
(e.g.rectangula TEM Kincald JOSA B 2 (1985) 1294 analyzed the effect of random

* Reosnard 2"d harmonic emission can be as strong as (uncorrelated) pole-to-pole wiggler field erron on electron
non-resonant 31

" harmonic emission trajectories and on their phase
- Weak fields

* Other even harmonics are emitted by an aligned a- beam - No electron beam focusing
through the non-resonant extension of this mechanism - Steering at wiggler entrance

Analysis for long high-gain wigglers In ELL tHa k
Implications: (in press)

- Much stronger even harmonic emission than • Nine papers In the Advance Program for this conference
previously expected
(Standard Mark III experiment shows yet more)

- Coherent radiation in even harmonics for perfectly
aligned electron beam

Trajectory errors arise from random transverse Phase errors arise from changes in path length
kicks associated with wiggler field errors associated with field errors

7Ponderomolivo phaseW -( + k,) z -e = 0 + 
bsw .0 T

at one pole signal phase

* Trajectory errors change the path length travelled by an Evolves as
electron and hence introduce phase errors =k

* Trajectory errors can walk the electron beam out of the z e + a . y
optical beam, particularly if the optical beam is confined Z- T T
(by optical guiiing) to about the electron beam size wiggle betatron

motion motion

For each field error

Emittance introduces an additional phase
error, random among electrons L3 Transverse focusing reduces trajectory errors

Random 0 due to
emittance

- l • Without focusing, errors produce random walk In
transverse velocity:

-- (SPY"
n 

- (&%Y12
I' 

N
t
f2

j Js( )2  
(W % 

2
)

1  N t 4

t fromfield error

& With focusing, errors produce random walk in
ti(') : - kt LI. • , is a random phase error transverse betatron amplitude:

(bx2)1 (&a,'12 N'
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Correlations of wiggler field errors can reduce Real-time adjustable tapering can remove the worst
their trajectory and phase effect L5effect of phase errors

Excess flux from gap
,rvo; hers

[.1 [NJ Li L J U LS J~ ~ [M S - Y 2% 8% Is Ientical for ll electrons; hene can be
I L~ ~~(ro coroeeld)jstng9

(errorfield Simulations (with FRED) Indicate that when 8% is Included
In taper algorithm, the"e phose @froma do not effec performance

M M ~ 1 M ~~ M ] i9 M Experimental veriication in far In the future

neighboring poles,
reducing net trajectory
error (Hlelbach 1984)

" 3d effects (flux lakae out sides of poles)
" HNghly permeable flux path connecting many poles

that prevents return of error flux In neighboring poles

-~ Uncorreisted errors

High fields can reduce phase errors Steering can correct for trajectory errors i

*Ponderomfowle potential provides lonItudinal focusing Mge

analogous to transverse focusing

*In weak fields, wiggler errors produee randomn we& In y

*In strong fields, wiggler error* ptroduce random walk in
synchrotron oscillation amplitude

(SW)112 Mid'*..--i Electron bews

Axis envelope

AxisDowpotion

monitor

...but steering can make phase errors worse Vague generalities about errors

- Trajectory errore most important In high-gain,
*Steering Is never perfect; beam position "ensing high-fleid amplifiers
can only be done, to non-zero tolerances - Opia mod gude by elcrnbo

*Because Impertecd, steering cannot be done - Trajectory errors wealken guiding and can
wbr~ ofe walk electron beam out of optical mode

- Paseerrrsconroledby deep ponderomotive oen
Stering af lo emittence Induced phese errors:
40 from steering compounds Individual 8(0 from *Phase errors probly most Important in low-goin osclaors
po" errors unless steering occurs often on a - Optical mode defined by cavity and can be much bigger
synchrotron period than electron beam

- Trajectory errors ore lees likely to web elcron beom
out ot optical mode
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TH3.2 TRANSVERSE AND PARALLEL BEAM OUAUTY IN FREE-ELECTRON LASERS*

C. V. Roberson

Physics Division
Oflice o, Naval Research

Arlington, VA 22217
202-696-4222

B. lii.

beam Physics Branch
Plasma Physics Division

hauI Research Laboratory
Vashington. DC 20375

202-767-2874

The equilibrium electron beam radius in a FEL is determined

by 0.e elirtance and focusing properties of the viggler. The spot

sit of the radiation beau is determined by the optical guiding

effects of the FEL Interaction. For filling factor equal to unity,

ve have obtained a simple scaling relationship connectlng the beau

vedctance and FEL vavelength, vith viggler strength and current as

parameterS.

/0

~~I1 ~ ~ a 6"ee~+ ve XLIV

4-f< C./ - . - I 'i). t(j + 7 ~

0

• £,, , 1o#_

... .. ~ ~ ~~' " 4L, .
#
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E L 1 ci ~ (ru~i

On J_ O

vs 6 A, rfj 6 fm A adlation Wavelength loX .

w cc)
-H xxN

A7?7
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FL - DIS AS*/'2.4 40- IROM5 ZCOiw~ -a

Vle '71 eFr-w V .C'7

Th ~ ~ ~ ~ ~ ~ oa e.~~/v$~r..tcr

C~k~'r~ t/Tr.i pe /C

LS =j T~O A

3 3_
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TH3.4 Equilibrium Self-Field-Induced Chaos In Electron Orbits

In Free Electron Lasers

Chiping Chen and Ronald C. Davidson
Plasma Fusion Center

Massachusetts Institute of Technology
Cambridge, Massachusetts 02139, U.S.A.

It is shown that the motion of an electron in the wiggler, guide and equilibrium self
fields in the FEL is nonintegrable. The Group-I and Group-Il orbits become chaotic
when the self fields are sufficiently strong. The threshold self-field parameter for beam
chaoticity is calculated for parameter regimes of experimental interest.

MOIVATION
OUTLINE

OULIEI. Moot rZL asyse bece.. ha. kfted eqbiuhm

INTRODUCTION .if-ieald tse

A. Motivation 2. i tclof ot .w.so mes o -hdrk behavi
B. Chaos i

3. It in a hist iarturae coeren d with the debnnd
II. CANONICAL FORMULATION OF THE PROBLEM ad eec pt

A. Model and Assumptions
B. Hamiltonian CHOS

rII. THE INTEGRABLE LIMIT (c =0) 1. Chum. metepeh. a .e.ptolOnste
A. Fixed Points (Steady-State Orbits) 3. poinew mom i and s
B. Interpretation of the Canonical Momentum
C. Stability of the Fixed Points

IV. CHAOTIC MOTION (e # 0)
A. Equations of the Motion
B. Analysis of Self-Field-Induced Resonances -
C. Poineare Surface-of-Section Map and Chaoe

V. CONCLUSIONS

HAMLTONIAN (< f't)

MOD L AND ASSUMPTIONS H. = (4p A) ' 0 - *. a WC - 54.

e) Heklal ,issle. 9. -k(4-416k.., 4,,6.,) €= . '

b) Axal UWe ftidd: & = Bi.

0) Uiferm-de"ty-b prole: + + + A i,
, . - St, . 0 <_ < -. A. c, td.,

10 New CeakaJ Variabl s

rb 1b , Vb -- P., .0., P ... . P ,,e,

1/

II

-- • im i i mm• • mhmZ• l•-e

SeWlei1d PW*Aetm

-4 
mfle

d) Beteontie sed eiedetadeee Uini a m iscludW. *0
0 5
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INTEGRABLE PHASE-SPACE STRUCTURE (I- 0)

Normalised Hamiltonian: (m =e c A6., 1) C,

S....- . . . ..

$.(, ~,P,, P) cf~d.,+ P~-2(~.J6)"' uin(v + 0')j

a) H.and P.are the constants of the motion. \ "

b) The motion occurs in 3d phase space and is expected to

be chaotic. 300

c) In the e 0 integrable limit, )5, is an additional constant.

-OJ0 - - - I.L - -0J0V2

._ ~ 3 Resnonance Condition:

2-0 no-2 %;o + rnb::0

E Resonance Width w,.:

1.0 NoNINTEGRABLE PHASE-SPACE STRUCTURE 1'0 11)

/ * 0.01 C r

1/ ~~cr Q'-
0 .

2 30 -0

0.0
0.0 1.0 2.0 3.0 4.0 ,..

CC _ a. -' .. " .. 20.

Ckw *~.J .. -*

ONSET Of CHAOS d .K. .* ' -

r . . .too

b3.0 o,

CONCLUSIONS

.Co
1.Equilibrium self fields destroy the integrability of

2.e the single particle motion in the field configuration

2.C ~consisting of a constant-amplitude helical wiggler

o.25E0.04 ~ field and an axial guide field and consequently the

0.o253 o electron orbits exhibit chaotic behavior.

r r 0. 7 -AS2 ,2. The threshold value of the self-field parameter

-~~~ e.5£.'. = (w0/2(L.)' for the onset of chacticity is determined

0 2wr numerically in the regime of moderately beam
0 V 2Tcurrent (-- I - lOkA) and moderately relativistic beam

For-~ 3. 0 cr11 , 1e PdVMfl&Erse-orresponrt 30 . The characteristic time scal, for self-field-Induced

4.:)) L.3 3) changes is fast and given by ).,.Vb.
4. Resonance conditions and scaling relations for the

710G B. f*. 2 Cr resonance width were derived and found in good

3. 0 rb 31M, qualitative. areeminh with the nunmerical simulations.

277



PR3.1 OBELIX - THE OXFORD FREE ELECTRON LASER PROJECT

W W M Allison(a), C A Brau(b), C B Brooks(a), G DouiCaS(a), J N Elgin(c).
W A Gillespie(d), A R Holmes(a), D A Jaroszynski(e), M F Kimmitt(e), P F Martin(d),

J H Mulvey(a), C R Pidgeon(e), M W ol f.
(a)Nuclear Physics Laboratory, University of Oxford, England; (b)Vanderbilt

University, Tennessee, USA; (c)Imperial College, London, England; (d)Dundee Institute
of Technology, Dundee, Scotland; (e)Heriot Watt University, Edinburgh, Scotland;

M~SERC Daresbury Laboratory, Warrington, England.

The proposed FEL would utilise the 10 MV folded tandem accelerator at Oxford to give
radiation output in the fundamental from 60-300]jm; operation at a higher harmonic
should extend this range to at least 301im. In addition to an extensive programme
of FEL studies it is intended to set up an IR User Facility.

Reasons for Pro ect PARAMETER CHOICE

Continue UK involvement, making use of
existing experience and expertise EIUlersic EL Low emittance (guni

2) Preparation for futur., short wavelength Low energy spread
facility for synchrotr3n radiation community No lethargy (no ri structure)

3) FIR source as user facility

4) Assist in provision of centre for accelerator otmmwvlnt I
physics studies and training at a university
(Oxford) copc iaeL. 2 m

*w 34 rm

10 Mv electrostatic device at Oxford. operated Fe~iatres Wide tuning
since 1965 and converted to folded tandem
geometry in 1978 Harmonic operation

UtiliSed at - 4t000 hours annualiy for nuclear
physics. but would now be dedicatea to PEL The terminal charging current is 200-300 uA

and g0 % recovery then produces a voltage
droop -I pit Per ai at 2 A beasm current.

GAIN PREICTIONS Operation for the FEL should therefore be

1.1111116v. .2A.~ s r... possible with 10-20 pa pulses at 10 it. These
* Parameters are probably conservative.

L.-2m. @.4w. .. nI T

a"e I '

0KIPIJL5E31 13.3 1 94 I00

(C. A. grou ITo

HARMONIC '33 94 '12 M&,a.

(A. AM-11r S It 26 5

12.3 1 103 2 Sof'
3 34 14
S 21 38

'0.3 1 '26 '52 611
3 42 lid

1%

5said-.9 limre 1 5 (40 aa,.eg

Preliinary 30 runs confirml Migh gain TOA) ti V :
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PR3.2 A NOVEL WIGGLER DESIGN FOR USE IN A HIGH-EFFICIENCY
FREE-ELECTRON LASER

A.H. Ho0*, R.ib Pantell, J. Feinstein
Department of Electrical Engineering

*Department of Applied Physics
Stanford University

Stanford, California U.S.A.

A wiggler for use in a high-efficiency FEL system utilizing microwave
acceleration to maintain synchronism is proposed. The wiggler not only
provides a periodic transverse magnetic field, but also acts as a loaded
waveguide capable of supporting microwaves. Measurements on the wiggler
confirm that it can be utilized in a high-efficiency design to attain
conversion efficiencies of approximately 50% in a two-meter length at
10 microns wavelength.

This work has been Supported by the United Saxes
Army. Huntsvile. Alabama A block diagram of OWe hi4fle"Ia,"FEL sysem

OUM3LHI ASSOCIATED WITH TAPERED

*Pdcioin gain at soigal levels othier dun Ek
whis ie lopeir was designed for.

shifen t dturning buidwZ 
p

*Nigh-efficienicy reqirs large %,or larg 10 ilut

ADVANTAGES OF MCROWAVE ACCELERATION:

*Ca sy microwaveid sungdu with ~lWn.ar

Pdb detniipingf because wiggler
pwtrarriei are Coinsti'l

'Large mcrowave field strengths can be
employed, resulting in high power generation
in short distances Furthermore, the Power
generated can be increased simply by
increasing Me wiggler length (with increase
microwave power. of course).

AN INITIAL DESIGN
FOR ThE LAC/W1GGLER

*Adquw bleW n a. 111e, -w.....

.1ti extesde
*l isclitort bamn, lcuaain both poles

'Tun"bl. 
FR I-

wasm"e sre:MmV-

'It resonate a moeat fte kiyston
freque r"c and with v. c. 

O

isMt be able tos upport large msaowme o liime.%I,.
b"; ifor a given input klystron power. Pol usc
ms11111 a highshrif ipoencel hi FBEw.MS.

*Avoid beum breal-up. andor waliffelflwwtfrfel rwro ~e ebp t c

probles~w.-Law ShUior inpedece for ffctWMW2ft. LUPr Wfiiae, &sri

per ". uiSl' tee.
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AS17AGEREPOLE
CONFIG13ATIM WIGGLR The linacliggler structure

- -Solonoid coils '. on 0 . P .i
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-/00002 0000000 oo0 0a o 04

00 00 00 00000Magnoic iron o te
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WIGGLER RESULTS
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P R3*3 STA TiS REPORT ON THE LOW-FREQUENCY PHOTO-INJECTOR AND ON THE
INFRARED-FEL EXPERIMENT (ELSA)

R. DEI-CAS and al., Commissaridt 1VEnergie Atomique. Service PTN, Centre d"Etudes
de Bruy~res-le-Chate1, B.P. n' 12. 91680 BRUYERES-LE-CHATEL. FRANCE

Abstract

The photo-injector presented at the FEL-88 Conference is completely assembled now.
Performances of the main components will be outlined. The photo-injector beam
dynamics has been simulated by using different codes and the results will be
compared. By integrating the main components under development :photo-injector.
433 MHz RF cavity. RF generator, wiggler and optical cavity, a FEL experiment (called
ELSA). presently under construction. will be performed in the 20 Pim range. The
expected performances will be presented.

HIGH-PEAK POWER FEL CONSTRAINTS 1 ~ U

High9? quality beorils

-Pnolo-njeclo, ILAIJL-typel

- Lowv-frequency accelerator flow-energy spread cVCCg - 9W.

redu.ced woke field Secs . 5g-peak curentI 0FC call
RF gun al U4 MHz and occelerolo, al 433 Mki 6,lv Icllo - t

- Fh..ikh. tapered 
selggghera 10-

- Long mocropu.hse dration (200 fist 'iiet**P.

D etrelop.enn 9,095OZ, eohrahed .s )937 on h.Iylhron. ciruator. Is ad.21lko

POP eapirrinleI ELSA decided nstpl 1988 L ~ f ~ &.~e..I.kw

BEAM DYNAMICS

~OPTIMIZED 433 NMl ACCELERIAIlIG CELL -- ___;________

&T.~n

Oin..,w. wc.

Z'~00 ewS0.I :

I ea

14-acs-1w..le 1,.1 Ker l

C-tYI ,C I qld al W c.t

Cas" "fe. 11.so I s 0I?
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PRIAM SIMULATION QI1A. VERSUS Z

CQI4OO. ,89-- ,. .. -Cathode Anode ", ,

700 Cs _ ,,

000 s

R F goo

1500 Gs 
Corlstens ellect reduction f E. ond f... w-1h 0 COd

10 nC per bunch . 70 ps pulse durolion

pE. energy - 5 -eV

c. 190%) . 60 -nmr'rod

* 10 hC .50 p.s 15 V/.

Ver.oto of the bunch INh fOCUSrg fields

Z; EFFICIENCY WITH AN OPTIMIZED TAPERING @72 ELSA PARAMETERS

Ell-recy I%)
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Energy I 1. .v . 3. 2cct0 At solrJtohon Charge ! 0 oC L 2
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EX4.1
CONFIRMATION OF SINGLE MODE FEL OPERATION

Luis R. Elias and Isidoro Kimel
Center for Research in Electro Optics and Lasers
University of Central Florida, Orlando, Fl 32816

Experimental results from the FEL at UCSB are reviewed. At saturation, the laser
macroscopic and microscopic time structure give clear evidence of discrete time structure and
single dominant longitudinal mode operation.SEU

Evidence of single mode FEL operation Is derived froms
four pieces of experimental information.

'04OTTKY
IRECE RF

" Macroscopic power instability observed in long %AN0HI -4ER
laser pulses .

" Time resolved spectroscopic measurements of longSCP

laser pulses PREETI

" Mode beating observed with a fast detector before
the onset of laser gain saturation

" Mode beating observed with a fast detector at laser
gain saturation

FREQUENCY CHANGE DUE TO CONSTANT

LONG PULSE LASER TIME STRUCTURE ENERGY DROP RATE

Multimode Operation 0 Because of incomple electron beam recvcy. the

-o i =os frequency of the FEL changes linearly with time at

Power - 1- - L a rate.

dv 2 v elb (I- R)

Frequency d m 2

ime inme

Single mode Operation 0 For the UCSB FEL: v = 660 GHz lb =1.2 A
R =0.90 C =200pF

V~o VconL

Powerjij d

0 - = 0.25 GFz/sec
dt

Frequency

285



LOW RESOLL'TION SPECTRAL MEASUREMENTS

EXPERIMENTAL LASER TIME STRUCTURE

*Short Electron Pulse

Upper trace- Beam Current GO

Lower trace: Laser Power

~j~ jE E 1  Time scale: I gs/div Laser Poer ,,. £ sah-n t

Time -4 Ceatr frequency 660 GHtz
Observed spectral bandwidth 640 MHz
Fractional spectral bandwidth 10-

3

Pulse-to-pulse 'oltag stability 51104

a Long Electron Pulse

Upper trace: Beam Current =- A ~ M20 (19"135.

Lower trace: Laser Power Ao- - - --

Time scale: 6.25 1±/div. F-A I StNGLE PULSE LASER SPECTRUM

- 2 r2MH ~ ~

Time -4

Deduced Laser spectrumo Lasr one
before onset gain of tulr o a ibort
gamn saturation eletron pulse

HIGH RESOLUTION SPECTRAL MEASUREMENTS

-2 High resolution Fabry- tzc
.rc :...Perot scan (left). Laser

power vs. time (right).- 21Mt

after sina rahnsaturtn atai = =tratloo

SINGLE PULSE LASER BANDWc1DTH

Results: -2

Fabry-Perot spectral resolution 220 MHz
Spectral line separation 1.5 G~z

COlcelaed ln frequency chirp 0-25 GHz/ps The dust structuiw of the above shown siala
Calclatd frquecy cirp015 ffi Lswas followed fori 2 s withoust observing any

phase change In the beat wes"
Conclusion:

Conclusion:
* The observed frequency spectrum is discrete

From:

" The frequency chirp rate is well correlated to I
accelerator voltage drop rate. E-
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EX4.2 A Review Of Optical Guiding Experiments Done With The Columbia FEL
T. C. Marshall, A. Bhattacharjee, S. Y. Cai, S. P. Chang, J. W. Dodd

Columbia University, Department of Applied Physics
New York, New York 10027

A series of optical guiding experiments in an overmoded waveguide have been carried out using a
2mm wavelength FEL facility (lkA/cM2,800kV). Two methods are used to detect guiding: analysis of
the spatial "ringdown" following beam termnination, and location of the sideband frequencies. Both
experiments show guiding effects, and that latter indicates "refractive" guiding is important. Research
supported by the N"-F and ONR.

2.8-

4 (a)

0
-j (b)

0
Q 33.0 3A40 35.0 38.0 370

,Ij ks (1/crn)

R )ACS "Er (cm) 0. P00 Fi g. 2 Gain spectrum, guiding (a)
and no guiding~ (b).

Fig. 1 Computed growing optical wave A -
profile.

0.010-1

DE RI .At UI~ '& -'

I
DELU. 0.000~

fWAVUI E GUI

A P00 DI..m4,Bok. .0

CATHODE ~~~ ~ ~U 0.000 09 pd~l is(

VAVEUUMD DID ' GIE.-"-I
"RADIE ELCTONW E WIA. TN m SS -olvngba

FiELD 3MERE 'DETECTORa Figp4paratusproil
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ISO .20-

Guided
160

140

120.

z1
W Unguided

I-100I

H .05
so

Fig. 6 Power growth rate.
2O

(0

-0.1 0 .1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.95

('/R 300"J0
Fig. 5 Radial power profile at arrow

point, Fig. 4. 1.75

-- with guiding
). .. i I houf guiding

20 . .. .
00

Ixe

-01 0 . .2030. 5060,.8091. 9

20 30 40 50
F 5 ,i p r pWavelength

_9". . (Arbitrary Units)

n5 -10 -5 4 5  10 75

.r15
E- .ith guiding20

- withouf guidiq ng0

I-10

o ':" 100 ••

o

o 20 -0 40 50

-15 -10 -5 0 5 10 is

bk/Ns M 4 V ,

F'ig. 7 Computed sideband Fig. 8 Experimental FEL

spectrum. (Carrier Spectrm.
not shown)
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EX4 3 HARONIC GENERATION EXPERIMENTS ON THE MARK III FREE ELECTRON LASER

Douglas J. Bamford, David A.G. Deacon, Deacon Research, 900 Welch Road, Suite 203,
Palo Alto, CA 94304 USA

During the past year we have made considerable nrogress in understanding

the unusually large bandwidths of the harmonics of the Mark III FEL, which
result from overbunching of the electrons at the harmonic wavelength. We have

also measured the spatial profiles, small-signal risetimes, and coherent
enhancement factors f or the harmonics.

HARMONIC GENERATION EXPERI- -MakeVAshOtrwveegh

MENTS ON THE Mk hre aeegh
MARK Ill FREE ELECTRON LASER -- Avoid optical danmage

Douglas J. Bamford and David A.G. Deacon Udrtn E hsc
Deacon Research

Palo Alto, CA RESULTS TO BE DISCUSSED:

- Bandwidths
Supported by the SDIO 1ST offce, -S~iIDoie

managed by ONR -Sailpoie

- Coherentlincoherent ratios
T.bl. 1. Typ& I- M dco= L.- apmdag psm.- Small-signal risetinies

mIWL b u .
Pak aAa 20A

verma 20 . C.w 0 ;

Ho.=I 25 .- mad Z o z

BA9Wj 43.V 0
E."W d0.% 0 0i

Mkh. ~h2. 21

W"kUh 0 i 11M4 0
Co~hld q l, wa9 . 0ih

z z6c z 0oa pl ka o 0.

0 0 = =
0 00

11518 0 ~
I- 0 I- I

a 0 0 0
z 1z z 0 z

I 'I hi

~19 L 1I in 2.212 in tj in iu1I . 313 1
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0.8
0.6-

0.6- CEPERIME4T1
-- T)EORY 0

.0.4-

"-0.4 FA

0.0.

0.0.

HARMONIC NUMBER 50.10010 20
Fn (swAv/cm'I

31 2

12

-

11 )

013

I~ZONIL P~l~NOR~lHARMONIr NUMBFR

0 7.0-

0 swPEAK POWER 1K .0 -,
ZL aft&& ENERGY-

4.0

0

z ~2.0

Ic 0.0tlol- Si i 7 HAMOI Nk a
HARMONIC NUMBERHAMNCNMR

sTJmmARY AND CONCLUSIONS:

- Harmonic bandwidths are increltsed by
saturation effects could be reduced by
tailoring micropu'lses.

- Spatial profiles are complicated, sensitive
to electron beanm properties.

- Selective enhancement/cancellation re-
quires further research
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EX4 .5 RECENT RESULTS OF THE ENEA-FRASCA TI UNDULATOR FEL EXPERIMENT
F. Ciocci, G. Dattoli, A. De Angelis, A. Dipace, A. Doria, G.P. Gallerano,

L. Giannessi*, A. Renieri, E. Sabia, A. Torre and D. Jaroszynski**

ENEA, Dip. TIB, U.S. Fisica Applicata, P.O.Box 65, 00044 Frascati (RM) (Italy)

ABSTRACT
An undulator free electron laser experiment (IJ-FEL) is under way at the ENEA
Frascati Center. The U-FEL employes a 20 MeV microtron as electron beam source and

operates in the middle infrared region around 30 urn.

Recent results of spon~aneous emission measurements are discussed.

*TIB-RIA, C.R.E. Casaccia (RM) (Italy)

*Permanent address: Heriot-Watt University, Edinburg (U.K.)

EY1PFRfIMENTAL FEL ACTIVITY AT THlE
EIIEA FRIASCATI RESEARlCH CENTER

~2[~ 9  195119[ 9 989  
_ _ _ _ _ _ _ _

P~US. U1l FEL osrkl. h i

r-Er.1. L11 FEL coLI .. ,/1 ~ 9 A 7opr..

CEFREIIC(N FELII orsr bpe* p

P.T.ItI':. FEL liq j''nt /

HIGH1 PWjEr FEL(2) fsb.ds

(2) e.I eed _,j cat ph [, a Keh I (EiH)

9. ___________________________________

I.N '.~sOPTICAL DIAGNOSTICS LAY-OUT

11. 1 1 JAIFEL OUTPUT

I..,I

I9*IS5~l~l 2 ~(3rd har. inj.) IJCT

111? *..q p ARR T

..... -19% 1 - 1/4 m. (/4 spectrometer L - 150 mm 11 KRS5 lens
99,5D - He cooled doped Go det. T - motorized tronxiatlonal stage

I '9'ARR - HgCdTe 18 ch. array I - variable aperture
MCT - Wx mm HgCdTe det. M - aluminum mirror
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e-BEAM PROFILE MEASUREMENT SYSTEM
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M-MIRROR VID - -1T VIDEO DIC.ITI2EFN__________________________
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APIA1 17.1 GHz Free-Electron Laser As A Microwave Source For TeV Colliders

R. A. Jong, R. D. Ryne, G. A. Westenskow, and S. S. Yu
Lawrence Livermore National Laboratory*

University of California, Livermore, California 94550

and

D. B. Hopkins and A. M. Sessler

Lawrence Berkeley Laboratory-
University of California, Berkeley, California 94720

We shall describe the development of a 17.1 GHz microwave source based on an induction-linac driven free-
electron laser that is expected to produce peak power levels at the several GW level. This system is being designed
to serve as the power source for a TeV linear collider or other high gradient accelerators.

*Work performed under the auspices of the US Department of Energy by the Lawrence Livermore National
Laboratory under W-7405-ENG-48.

**Work performed under the auspices of the US Department of Energy by the Lawrence Berkeley Laboratory
under DE-ACO3-76SF00098.

Power source requiremnents for Toy colliders TeV collider frequency choice
Factors driving frequency up 2.0

*Goal for average gradient I1200C 11eV/rn - acceleator cost

*Characteristics of RIF drive source - pea pow - f..) -i12
- High frequency. 102004Oft

mnininz stored energy and power - stored energy - f~ -2 1.0-
avoid electrical breakdown I

High peak power, .1-1 OW/rn *Factors holing frequency down ! -

key to high gradienit - wake*
- Short fillitims. -50n.s0 o _20 3

supports high frequency Structure - alignment and structure Frqunc (G U
tolerances

Short puise length and high peak power (Preimalyeme
ore intrinsic to Induction acceleratOrs fPamr

Practical limits on gradient Power source requirements and status t

* 200 11eV/rn upper ilmit based on breakdown def (p*na OW power sources at 10-20 ON2 needed
Loew & Wang)

- a few carefully conditioned cavitiees Present status

* Need to underetand - 11.4 012 .- 200 MWf rOl RIF

- beakownin urncsvty ectone- 17.1 GH2- no source available
- brakdon Inrnuil-caity W~hGBUT 2 OW 0 350Gi fPrn ELF wiggler In 19116

- effects of darki current Hg ult I oe srqie
- techniques for MOM damping NihqltyPpoeIsrurd

(especialty for mnultiple bunch"s) -phase and amplitude stable during Pule

- efectolcoditonin(-101,1z)Nigh efficiency and acceptable Cost
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Quality RIF power Imposes
requirements on induction linac 17.1 GHz FEL parameter constraints

PMN~~k~y g11zzIW type wiggler
1. i to 2 m long wiggler, with 10 cm period

" @on paruesa 2. Maximum magnetic field of about C.5 kG

I t 3 IA 3. Synchronism condition lits beem energy to 3 MeV

" Ener"ltna Accelerator
±1% War 30 name

1. Bem currentof Ito 3kA
* M~nimal2. Maximum beam energy of 3.5 May

* NP6ItioE rote Realistic beom end wiggler tolerances
S H 1. 0.1% ntis wggler errors

2. 1 mm beam displacemenat
3. ±1 % beam energy sweep

17.1 GHz FEL parameters Axial profiles for 10 cm period wiggler

"Aeeunwdl beam and wiggler oNdllOn
1. 3 MeV IkA boom (a) TIEM flow Power (b) wiggler fildw strengthi

2 .5 m long wiggler, with 10at o"PeriodRV1W
*. ti% bean enery sweep (at by phase dfeen ace)7
4. 1 mn beam dlaplecemnent (wiggle and non-wigl plain)

5 .1%rmmwiggerro
4. to by Ian wevegail3

" FEL output is'
1. 1.4 OW peftpowa In TEm modle
2. 50% extraction
*. About 75% trapped 0
4. Fill factor about 35% In wiggle plans 1040' j 10 1 01. i'
5. Fill feetor about 40% In non-wigle plane z fz(WA

Phase difference contours (deg) U
IMP type wiggler: energy sweep 3.0

17.1 0Hz, 3MUeV, 10cmn period, 2.9 cm by 6.0cem wavagulde

pae -00eaiv 
lo

diffrenc eernergy.4 o 10 10
Curnt(A

.2290



Phase space after 1.5 m of 10 cm period wiggler L2 Longer period 17.1 GHz FEL parameters_ Z

Asaumed beamn and wiggler conditions
* . i.. -.1. 3 MeV1kA beam

2. 2 mlong wiggler, wth 15an period
&. ± I% beamn energy sweep (sat by phase difference)

S 4. 1 mm boam displacement (wiggle and non-wigl planes)
5. .1% rma wiggler error$

5 & 2.9 by &cm waveguide

4' FEL output (for 15 cm period wiggler)
- 1. 1.0GW peak power In TE4 mD,

. 401e2. 37% extraction
3. About 75% trapped

/ ~4. Fll factorabout 40%In wiggle plane
2 S. . Fill factor about 47% In non-wiggle plane

.3 .2 -I 0 2 3
Pat redam.)

EnrysepU17.1 GHz FEL summary

17.1 GHz, 3 MYV, I kA, IS5cm period, Z.9cm by GA0cm warreguide IMP type weggler (10 cm period)

1. Peak pow In exces of 1 OW can be acilevedl.

2. Energy -w-ep limits of ±1% et by phase atability
requirements.

Longer period wiggler.

Phan 1. Higher beamn energy In required to beet utile longer

(dog) period wigglel and Increae extracted peak power lewile.

.202 Zsimulations auggest that batter phase atability can be
40- achieved with higher bearn current and longer wavelangth

wigglers.

40 &. Peak power of about I OW can be achieved with 15 cm
.4110-wiggler period

Rescceoratlon Issues

Domea debundling due to
Efficiency enhancement options LS (a) energy spread

(b) spae charge

" Beam re-acceleration Dealt preservation thni rf powerr extractor.

*Power output of bunched beans through Induction call
(effect minimization through special call design)

" Relativistic klystron "afterburner" Phs spc itrino embukt u oba odn
in accelerating cabl

*Matching during re-Iniection into wigglerIR

*RK moom relaxed than FEt. since Phaae 6peca requirements
of PlC a mor tolerant

295



Relativistic Kivatron "afterburner" RK afterburner simulations L

oal Enhance system efficiency by extracting power
from the spent FEL beam

Power output : The power extractd from a travelling wave cait
Is given by

Method: Pass the $Pont Fit. beamn through klyatron P 12~ca
transfer cavities 4W2rcs

Where Il.RFcurrent
e hunt Impedance
0aaphase angle

To otain high power we need large RIF currents.

Difficulty : The spent Fit. beam debunche. rapidly, leading to

reduced RIP current

The spent FEL beamn debunches rapidly
with distance

RF currant as a function of distance

VO 3 MV 0.75 LB I I I I- K afterburner simulations (cont.)13
113= 1 kA 0.70-

1 17 GIz Simulations Indicate that we can ostain seversi hundred
MW of power using multiple output cavitiee.

0.5
3 cavity Ve 3 MV, S.IkI=1

l1 fA) 0.10 - daterburner : l=k,17 t

OA6 -- Ll 0cm, L.2 - 73cm 13 2 96cm

OAO - - r, -r 2 ' P3 -2000a

0.3 01 4l-5. 0203a 0
0.30-

0.25 Resulta: P = 100 UW, P,..200 UW, P3 140MIN
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.5 0.9 1.0

Z (m)

FEL-RK Hybrid can achieve high efficiency U. Microwave output coupler 11

FF Oull"Eletron

refector
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APi .2 Current Applications Using the UCSB Free Electron Laser

Jann Kaminski
Department of Physics and Center for Free Electron Laser

Studies
University of California

Santa Barbara, CA 93106

Abstract

Using the far-infrared radiation produced by the UCSB
FEL, various biological science and solid physics experiments
have been performed. As a particular example, magneto-
absorption measurements on the shallow donor system in n-GaAs
are presented.

C-111111t AW~Li-.io. of gme UCSB EEL ottF. Fl r. [n S tnICE I

1. CFELS conai USER LABORATORY 6djiims the FEL

I Introduction A. S targe SPinlinn M u Ports with tNPIste optical benches

11 Center For Free Electron Leasr Stuiesu (CaLS) 8. Cryogenic squiPmen - opitia & nm tirc deui

lII. FEL and Control System C. Optical conents - detectors. detector army, ofr-axi munre.

IV Ei;Peets D. Datm reduction equipmoent

A. Brology

9 [1-ltncnI. FEL Dir-lopmesai

C sold Stte PhsicsA. 2 M*V ocolertor - compact, long ""kilngthie

I Maostc SytemB. h4,cro-undt.Zaton

2Electronic Trnsitions

2Semitconductor

A. Bulk e

b Lo"m. Misieous ElecOtion Syttm - 1 Ou

L CSD
V JOCUwtO
A, Kiel

C P~dgfo

cow Use t" se sttue re
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EL

1. Biology
1. FI oerating samu

A. First biological effects men with sts FEL.

Frequaency Resin........................... 20-75 Cal tangling ane rest 5ngabo kidny 0c111
P .......................... ........... 500-133 vin

P ekP w ........ .......... .... 11 1 kwF L fe u nc 0cn

Pubas Width (FWM~rl .............. 0 5-3 Pac Colls exhibit inkhition of DNAsyteswihiginniy
Ropw itica Rate ................. ..... 0 3 HzFI
Frequaency Liasitdtle

(bwew ..l ......................e...... 16 Hz (Burns atal.. 1989)
silngle Si ) ...... .t... ... _ to MHz

Frequency rceability ................ .. ..... 2% I

[-I Pulse lengths as short in 20 tte taw been produced by meatns
of an external semiconductor switch. [I. Bl0- Pttytec

U. Recent tmotowern
*samptes us phiut-dunissted W!=, .balis syogloshue

A. Cavty dU=LPi§S output FRI frequency - 50.5 ca

-NdYA0 ISM induced Mirror in Si wafer- blood shows tcelees of rocilombioationt rate at low
temeperatuire with interss FIR putb"

*30 tttw pulse &t 20 kW peek power
(Austwa at al.. 1989)

8. Hybrid w.UIng

- incrnae frequteacy rangs 130IS cam)

C. Fixed Latin frequency Injection Locking

- redial FEL frequency Jitlor from 1.6GHs to 10 MHz

D_ Coattaile CoebOld aftapt A terminal electronuIC Stem

fishinge Senior cold start-up

su to ward autoattion

6

Energy lot,) diarseu of a-GOM arn conducting bead

LO-

-Bulk Imlopurity Sptn Model in AFM feF2 w, Me e- ~
* hia Ilyli AFMR e, Fsf2 / .6

[I Electioetc system

A Rar. Earth impuritie 4n

* temples R E nomnlw 1%) is InF3

t rmnsitions of localized 4f levels in ground wloitiplet i

8 Bulb SeM.Cooducto, Cyclotron Rebonescet &j,- .B/mc *13 9 cal/

High putrito and doped a-GaeAs and n-tnP .noe-petsbolicity finm L0 photn e nd CB lisw differe n

Photocoe-ductiety and transamisesiow I-, A weBa t low T, equilibrium Ppulation in CD is tInll; en
abbomntmn U lo. eanetty

Shallow0 donor saturation tpectroscopy at low T' - imapec Wtiietto 8CSetuen4 acme bsorption at bigh

C Lower Di-etOwnswI Electron Systetm

- te strituiuitoi SiMOSFET end GZAnG3AlAt
Itetewojeacuion of pbotocOoditcive and photovoltaic iwspowww.

satuation of 2D cyclotron resonance end I0 piaemost1~~

L0

0 -

wMg-utc Cellt (koll
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AP1.3
APPLCA TIONS OF INFRARED FEL IN PICOSECOND

AND NONLINEAR OPTICAL SPECTROSCOPIES

W. S. Fann
Stanford University

S. Benson and J. M. J. Madey
Duke University

S. Etemad and G. L. Baker
Bell Communications Research

L. Rothberg
AT&T Bell Laboratories

M. Roberson and R. A. Austin
Princeton University

In this talk we review two independent works that have used the infrared FEL, Mark Ill, for
studies of condensed matter
1. Spectrum of X(3)(-3;w,o,co) in Polyacetylene: An Application of Free ELectron Laser in

Nonlinear Optical Spectroscopy.
2. Dynamical Test of Davydov-like Solitons in Acetanilide Using a Picosecond Free Electron

Laser.

W ULaser Performance

Tunk 14 Pi

asomdtumig range .4-4.1 m

Gain 20-100%

En-rg per puta- 1-200 WJ
Aepettln rate Sh~ile ehot-30 Hz

Peak 0.5-2 MW

Mascropute length 0.5-4 peec
MIlcro length 0.5-3.0 poec.
Spedat bandwidth 0.5-1.0% FWHM

Strehl ralo

Fig. 1- Marklll infrared Free Electron Laser Performance.
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P X1 +X r +x~ g. ... Conjugated Polymers: Long small molecule: itelectirons

_____________Polymers Chain with double or ire highly correlated

X1 3 k-3~co~ to~ -Raq() 2 t,((-)g triple bond In the carbon backbond On-itosoa Semiconductor

Third Harmonic Generation Polyacetylene,(CH)x, Simplest l*I~rfsaeucreae
Conjugated Polymer Positions of excited states are

3W HH 14different for two models

='unbl InIrdLwtI I C 0% z2Dlfferentl Prediction of relative
(Ar Y C I Cposition of two and three photon

IV I C Hresonances
Two photon resonance couldt.20uaoInredLsro
couple ground state with excited X-K11111measure the spectrum of
states that have same symmetry =Large Nonlinear Reponse='Larq XiW..

V) due to it-electrons
One and three photon resonances delocalizatlon
could couple ground state with =Als Its electronic structure like
excited states that have opposed small molecule or
symmetry one-dimensional semiconductor?

=> Spectrum of V)~ could provide
Information of all excited
states

Aetnod of measuring Xj'(-3w.w,w,w)
=),Compare the third harmonic generation -

signal of (CH)x with fused silica, which X(3)

is known
2 : 5 los 2 1

The thickness of fused silica Is 40
larger than its coherent length, so you will T
observe Maker fringe as sample rotates -40 11

SThe thickness of (cm)x is shorter than its 1-e)5 +
coherent length, no fringe as sample 30 (lo0egJ 4
rotates - +

0+

2 20 31- +1+

Cal F, ~ r(EV)
0 1 20 3 0 4 0 50 Fve Ewt~i ea

T. T I It ~ L eA r

Fig 2- The open circles are X(3) of (CH)x Fi 3- The full spectrum of XM measured
measured by conventional Lase(. by Free Electro Laeer(), and

()The solid line is the X(1) of (CH),.( Ref .3) cnvemonai lasarf).

*-00 P 1 20 30
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Measure spectrum from 1.lum to
2 _______3.3um

=:, Three photon resonance
I position Is determinated

WI 0.E-LCTO *FAEELECTO

OD0 OVDO LASE DAT Clearly resolved a two photon
0 1'w1 -b h sW2 (c) 1iWX3 Iresonance and a three photon

0 12 3 0 12 3 02 6 q04resonance
t(lOcm") X (10,0 esu) Xt1"(101 au)

FIG+ (a) The spectrum of absorpstion coefficient X"'(ai) x ~TeX t h eko he
intrns-(CH), as a function of ap (Re( .), Wb The c 0.2 i h

I u (()in the vicinity of the two-photoit resonance as a iiphoton resonance istehighest
function of 2a. (c) The spectrum zl"(a' in the vicinity of the ~'among semiconductor
three-photon resonance as a function of 3&. The dashed fine is .

the position of the ID energygap (Ref.. 5)--L 2 .- . . . 12 1iA Conclusion:
0. 5 04 .6ht,.V) zz. Seems that free electron

model, or semiconductor model,
fits data better than molecular

FlG.S. The Zl t(u) Specs~um in ,,wts-(CH).. The results Model
obtained using the free-electron laser (filled squares) and those

obtaineid fromt previous work (Ref.3 ) (open squares) are

shown. The solid and dashed lines arc calculations Of P1
5

within the free-ejectroil (Ref.b) and highly-correlated-eiectron
(Ref.) models, respectively.

Dynamical Test o D avydav' s-like
Solitons in Acetaniide 

measuring Ti (populationl Life

Usin FELto o inrare 4t%% 91dTime) of l650CM',"Solitofl Sand",

Uicsen E do inecraredp C= at low temperature
I =:-Need Strong IR pulse to do

picoecod sectrscoy -bleaching experiment

IItpsiltotransport 
=3UsIng Mlcropuise structure In

vibrational energy in a-Helix 
Marspectoo picscn

proteins? 
spec~ifterelscon ie.5O5

Normally this is impossible A wte ablexaton tmesure it. e

because of dispersion 
wntb bet esr t

A.S. Davydov proposed using C=o
to carry @not gy

=3using nonlinear interaction b6o io
between C=O and low frequency C~i e l P~LII
phonton to balance dispersion ar t0

"Devydov Soitions'
Propagate at the speed of sound

=3- No Conclusive Evidences in Fig 6- The infrared absorption spectrum
Proteins of ACN. The1665Cm band is the

Acetnhile: CHSCNHCHS),CNC-0. arnd the 1650cm 1 band at 801k is the
Acetnilde:(CHCNHCHs)ACNsoltion band.(Ref.8)
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Ib6Q 1650 $640

1.25

0 0 a e
Z, ~r-,ln.00

z c 4.0 - v

4 1" a

-. 0.

000 00 to 3A
--. 40 64 25 0.50 40 WLAY41 4. *C

... r -4650

W 6.4Or-- 4-64 .5-4 .0. CA

~6OS .- .5*0 5 40 15 20 25 30
1660 to M p-PR05c DELAY Ipsoe

0 2 4 6 840 42 4446 46 I

- TMEINO ACRPUSECI Fig. 9- Transient bleaching recovery at 1650cm*t .
6 ' 2L -GLj 'b' 1' IVis i'sThe fst oent isdue oc~herent

Fig. 7- Properties of the Maill FIEL: TIME INTO UACROP4LSE a
4

7see atif. The slcowecomd eaxtio ie.
(a) Temporal shape of the macropulse.T,1 .5pcsonsrlxtntie

Inset illustrates the picosecond
microstructure of the pulses. Fig. 8- (a) Top section shows absorption

(b) Wavelength chirp measured of ACN around 1650cm-1. Tuning
during the macropulso. occurs naturally due to chirp of

the FEL. Macropulse time has been
converted to wavelength on the top axis.

(b) Bleaching versus wavelength at

During the macropulse, pump beam tredfeetpm-rb eas
puts in I milijoul. of energy in
sample =3- Sample heating due to
macrepulse 1101encea

[11W.S. Fin. S. Beraon. J.M.J.Masy.S.EWI3? " ~G.L. Biter wd F. Koper, PtYS. Pev Led.
\ Sp~4 What do we learn about FEL? 62.149Zf 909).

(21 W S. Finn. L R~toerg, M. Rob-.~ii R.A. Austin.
S Beriso. JM.. Motley md S. Etai . subItted

___________________Shot to shot stability Is around to Ptiy. Re LeM1~[$V i~I~ue5%. (3] F. Kia,, S. Etnad. 01L Bakesr said J. Men.
k T~t ITO IN14-Sobd Swat Conun. $3.1113(1987).

[4] BR weonoeg. C.S. Roio. S. Etenia. L. Baker
= While the pump beam presents, Better then different frequency Vi j. orentemi, . Rev. Lea- 53. 86196A)1
the acturat temperature of the mixing and stimulated Roman (50 Moses. A. FeJbigjn1. E. Ehrendround. A.J. Heeger.
sample Is around 330kjgt 8 scattering=3, 50% fluctuation. T.C Chung, acd A.G. Malianid. PIhys. Re- 13
during the macropuise. 261 wedcang Wit. Py.RyLl 1 1918)

=3-11 you heat it "fast enough" the But sometimes there Is iong term M Z.G. Soos. and S. RaMaseiha. J Ch-en PilYs 90.
bend does not disappear , 20 mine to half hour, wavelength10799)
The 1650cm-I band persists drifts5. (81 G. Cowm. U- &jonisnrio. F Cants. E. Graifon n
following rapid pulse heating A.C. Sot. Phys. Rev. Laft 51. 304(1963).

Macropulse chirping could be
But on the other hand, If you heat useful for spectroscopy.
It slow, ms In the F.T.I.R
measurment, the band Intensity Hg ekpwri irplei
derease pa owrI mcoulsI

useful In transiejit experiments.
Conclusion:

zThters Is nothing unusual about High average power in macrepulse
the population life time of could be useful, but It could cause
1650cm-I bandprbesto

mThe behavior of the bandprbesto
depending on how fast It been
heated Implies the origin
of the bend Is due to structural
changes
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A P1.5 HIGH A VERA GE POWER CW FREE ELECTRON LASERS FOR APPLICA l7ON TO
PLASMA HEATING: DESIGNS AND EXPERIMENTS T-ble 1, 1 MW. 300 G. Untspered FEL Otcillator Designs

V- (kV) 650 850 1000
3.11. Booske. V.L. Granatstein. T.M. Aastonsa. Jr.. S. Bidwell. lb. (A) 48 40 34

Y. Carmel. W.W. Destker. P.E. Lath~am. B. Lovuab. bt..4 (cmpl' 0.20 0.24 0.26
1.D.~~~~b. (cm)y DJ ldak .. hn 4.0 4.0 4.0

A..MyroDJ a-k -. Z" .-.. (deg) 1 2.0 =2.0 r 2.0
University of Maryland, College Park. MD b.f (call 0.375 osts5 0.701

and H.P. Freund. SAIC. McLean. VA a,, (cm) 5.5 6.0 6.0 1
T f0.12 0.11 0.12

A short period wiggler (f - I coml, sheot beam FEL has been PrOPOesid ex L (call 19.6 25 10

a low-coat source o( high wreraga power millimeter-w-. radiation (o" 1,lama .cal08 125 .0

heating and space-based radar applicatione. Racent calculations and eapori- N *proi 2 0 1

memoe - confirmning the feasibility of this idea in several critical area - willB.(G20 20 20
A, (cm) 15.5 18.7 21.1be described. Results of shore-putse FEL osillator experimets will als beG I29 28 0

discussed. 
-£7/.- ,tol)3.0% 3. 117. 3.0%I

'Supportad by DoE. ONR. and SDIO/IST through a contract managed by ttl 08 .% 10

Har imn Lbrtr.beam/well clearance (mm) -).88 1.7 2.2

01.ecep (deg) 3.5 5 .5 6.0 1
Pr (W/cm

2
)('

1  
72 24 0

Parameter Goals. ,I MW. CW output rf P - (MW) 6.9 9.3 .. 8.9
h ,0.5 - 1.0 MV P.0. (M4W) 0.90 1.00 1.02

f- 150 -600 GH& ?r (92% beam energy recorery) 28% 28% 28%
WITAI. 30oLv (kV) 71.5 93.5 110

Feasibility Isaues. Design flexibility

thermal management I rf wall loase. body current) Not-i

gun design (1) Injected beam thickness is 1 tom in all case.
spent beam energy recovery (2) Used a-value. reduced x2 from textbook italue.

mplications of short-period S.C. wigglers. (3) Maximum estimated cooling capability 1.5 kW/cm-.

BODY CURRENT: SPACE CH, 1.GE CONFINEMENT

- lrillioun" Flow Coudition(

When .,r .. h1, space charge is negligible.

Sh..,2.0

S1.6

-1,4

,2

04h

S0.4

E 0.
02 zE 110

t 01- 0 020.4 0.6 0.8 1.012 1416 18 2.0
Doubl Anod Beanwiggler ampliluds, Bw(ItG)

'2 05 10 15 20 25

wiggler omplitude, Bw1kG)
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I MV SHEET BEAM GUN DESIGN
BODY CURRENT: TRAJECTORY CONFINEMENT

100-

<~>.= F, > /Ini: I< Fv > I ' (mk2,C /2 )ajIy 0o SM0v O

80- IM

Yj b,(/2, or 1lo/2r < (-b/2)
2

--y)2

0.0 40 SID 2.0 160 20.0 240 260 32Z

Z (Cm)

40 1Ae ~'zero sody Cwrent 'Al 2 Sbee S. e heerei

D.dend Sp-~. lst~-Wilif. VW-.. I

tbickniin 1.0 Ses 1.0 Se

bii~i seatai 0.5 - 1.0 Mv 0.7 . 1.0 Mv P

je*w c ..t dowkay 7.3-I A/te 3.0 A/m

di-erg..c..ali, _* * r
I'0<L 00 WV/cn S TOkV/m

be.. nuegy .g.d ,90 .5

000 0.04 008 012 0.16 ' .. Se~1 IAn.

beamt hatlf- thickness (cmn)

OUTPUT

a4~ S Cold Simulation nT
- , 3&V C(1 Simulation ANODE FEL OUTPUT COUPLER

1? 2- CAND E

1I *4A009 5

C

.. woolBIAS UPWR SPPLY IPL

4-I

29 2 m

. , ..7 I . MAN PWE SUPL

3-
y,, -268 -1

4% aI. a30

i-F.

5.-~5%
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SPENT BEAM ENERGY RECOVERYz

Design RelAtion:E f iV
'PrOTAL = t./It - 1q.Ail -- a 's.a

(nfcp aftoA apolp .,0435J.5

oLV/OIIV 1- (kls - 'I,.

DC Power Supply Technology Status:

V -' 200 kV, P Z I MW DC commercially available. ..

E

V _' 300 kV. P - I MW DC not currently available in " -- -

practical or cost-effective form (exterior sub-stations) 3 i

implication: -

for &Hv 0.7 - 1.0 MV, need -

0.7 , ,or % -0.80. , 010 0 0 0 a 0 0
IT N 0 00

('ZHO) -Z /- 'A-uenbaij

SHORT-PERIOD SUPERCONDUCTING WIGGLER

CONCLUSIONS

" Predicted parameters: B. - 5 1 10 kG 0 t. - I cm

" Implications: 1. Critical technological risk areas appear managable with con-

servative safety factors.

(1) Improved beam confinement 2. Body current negligible with low cmittance. low perveance

bears. CW beam generation feasible with multi-anode sheet

(2) Strong pump regime + B.-tapering - 30-40% efficiency? beam thermionic guns.

3. qu -Z- 80% necessary and advantageous with low-gain FEL

lik )L 5.a/ 0 J oscillator

,,- 4 2.e/ck.,~'
2

:r - 4ne2/mi (a) Looks practical due to small beam energy spreads.

(b) Reduces beam power supply to commercially practical

Example: V,, - I MV. I, 4 4 A voltages.

B. 0 2 4 0 m - 0.8 cm 4. S.C. Wiggler at - I cm period provides improved focusing,

B. 6kG.t. Icm possibilities for high-gain Compton regime.

L 0.7 m

S. Demonstration of lasing with 10 periods. , < 50 no. Vb - 300

(*) a.l,0 19 .i.s 0 068 ' kV, t - I cm, B. . 1.5 kG, lb ' 100 A.

() -l,:k:L- 32-I v This work was supported by the U.S. Department
of Energy.

305



PLENARY VEPP.3 STORAGE RING OPTICAL KL YSTRON: LASING IN VISIBLE AND

PAPER ULTRAVIOLET REGIONS
G.N. Kulipanou, V.N. Utvinenko. I.V. Pinayev, V.M. Popik, A.N. Skdrasky,

A.S. Sokolov and N.A. Vinokurov.

Institute of Nuclear Physics, Siberian Branch of the USSR Academy
of Sciences, Novosibirsk, USSR

Lasing in a wide 2400-6900 A spectral range (from visible to ul-
traviolet) was reached in the optical klystron OK-4 installed on the
VEPP-3 storage ring. OK-4 is the first FEL operating in UV.

. Introduction

The optical klystron was pro- lasing in the violet (3750-4600 A)0

posed in 1977 by Vinokurov and and ultraviolet (2400-2700 A) ran-

Skrinsky /1/ as a modification of ges was also obtained /3/.

a free electron laser (FEL). It

has a much higher gain per pass 2. A bypass on the VEPP-3

than a FEL due to using a special

device - a buncher located between The scheme of VEPP-3 storage

two undulators. Experiments with ring with the bypass is shown in

an optical klystron (OK) have been fig. 1. The bypass consists of two

carried out at our Institute since bending magnets, 12 quadrupoles, a

1979. vertical wiggler and an OK mag-

In late 1985, it was decided

to update the VEPP-3 storage ring.

One of the most important tasks of Z, -, w U, u2 OF M

this modernization was to install Dl 03 0406 -

an additional straight section (by- u/,,- d' a-k"017 o+ -- *Aq WV

pass) dedicated to OK operation.In U U2-o&ul.

March 1988 the bypass was success- AF -1 .2/
Zi. 2 ---pcav

fully installed on VEPP-3, in Ap- C- -

ril a circulating electron beam .- ,0 ,'1Ummhia V Um.12kV

was captured and on June 3 lasing

was attained and wavelength tunab-0

ility from 5800 to 6900 A , with a Pig. 10

linewidth less than 0.6 A, was

achieved. In July and October 1986netic system of 7.8 m long. The
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bypass focusing system is very fie-magnetic field (at 350 MeV fixed

xible and it gives us a possibili- energy), i.e. by changing the K-

ty to optimize the electron beam factor.

parameters in the OK and to match

E- and P-functions with VEPP-3
arcs unmder different conditions.a

3. OK magnetic system

The OK magnetic system compr-

ises two electromagnetic undula-

tors with a buncher (3-pole wigg-

ler) between them. The cross sec- Fig. 2. Cross section of the OK-4

tions of the undulator are schema- undulator

tically shown in fig. 2 and its pe-
Table 1

rameters are given in table 1. parame of the OK-4 undulator

The field in the undulator is Undulsiorlenghlml 4
Number of periods 1

excited by eight periodically bent Period[cm] 1
Manetic gap Icn! 2.2

copper buses with holes for water MaximummagneticfieldalongtheaxJs(1,01 53(57)
Pole tranwvere vdth Icml

cooling. The buses are commuted on Number of separate buses A

the ends of the undulator. CrosssectionofabusI mm. IRIR

Current cotnsumption (kA} 22 (0)

Each undulator has 68 poles; Powrcoqumpton kW] 60

the ones on both ends are wound by

one turn and they have half the

magnetic potential. Undulators are The gain values were measured

installed on the bypass one after by comparing with the optical cav-

another and are bilaterally symme- ity losses on the edges of the ref-

tric about the centre of the sec- lection bands, were lasing was sto-
0 0

tion between them. This automatic- pped: 10% at 6000 A, 5.5% at 4000 A
0

ally provides absence of any equi- and 3.5% per pass at 2500 A.

librium orbit distortion in the

storage ring. 4. Lasing in OK

The electromagnetic undula-

tors allow a wavelength of funda- When the OK is tuned above

mental harmonics tunability from threshold, i.e. the OK gair is more0

1000 up to 15000 A by changing the than the optical cavity losses and
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the revolution frequencies of the the (6-2) x i0-3 range. The measu-0

electron and light beam are synch- red power (6 mW at 6300 A and 2.5

ronized, the lasing appears on a mW at 2500 A) at 20 mA average cur-

wavelength where the OK has a max- rent corresponded to the expected

imum gain. Some of the measured values. Because only the average

spectra are shown in fig. 3. lasing power is limited, we realiz-

The relative lasing line width ed a G-switching mode of OK opera-

&A/) varies within the 10 4-5.- 4 tion to produce high peak power.

range, depending on the detuning of The electron beam was shifted from

the electron beam revolution fre- the optical cavity axis using el-

quency from the exact synchronism, ectrostatic plates and was period-

on the beam current and or other ically returned to the initial po-

parameters. sition.

The transverse distribution of The typical pulse duration at

radiation intensity corresponded to 10 mA current was 0.1 ms and the0

the basic mode (TEM0o) of the opti- power was about 50 W at 6300 A and
0

cal cavity. 18 W at 2500 A wavelength. An in-

Continuous tunability of the crease in electron energy spread

lasing wavelength was attained by during lasing was observed in both

changing the field in the undula- cases (continuous and G-switch mo-

tors. Its boundaries (5800-6900 A, de). The energy spread was calcul-
0 0

3750-4600 A and 2400-2700 A) cor- ated from the bunch length measur-

responding to the reflection bands ed by a dissector /2/ with 30 ps

of the mirrors were used. The time resolution. The maximum meas-

threshold current for lasing was ured relative energy spread (1.5 x

1-10 mA, depending on the optical 10- 3) was twice as large as the

cavity mirror conditions. initial one.

The average lasing power is

limited by electron beam energy 5. Lased radiation time structure

spread growth and is proportional

to the full synchrotron radiation For measurement of the radia-

power and to the maximum admissible tion time microstructure we used a

energy spread. In our case the ma- dissector. The radiation bunch re-

ximum energy spread Cr/E was lim- petition frequency is c/2L = 8 MHz,

ited by the gain reduction above where L = 18.7 m is the length of

the threshold and varies within the optical cavity.

308



(-307 GMEv EcP9 OKOK £.34 0.EV Et P.*4 7 O
"in 11 F UJ6 UZr .F ua ilc
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ON 1A 862449B, .1 eoP 52 '412 2447 kS~ 11'1 I
641 /. 0 994 E9" 1 0 0/6 "A 749

GEMS L411 ePZSS 86098-08 #SPEC 04-11?-3

694709 46.U" DUSE, N :*3e:) Us :

U6 UA 111-120. 0rL SHMA UMA-, 691MV

01 I, "302ZS1 :I~

21 16 '3. 346114 pa2..

.... .... ... .... .. .. .. ... .. ... .. .. . . . . . . . .. . . . .

FILE UVGM F1M2

Fig. 3. Lasing lines obtained on OK-4.

re I$HK$ #Dis 166- peak on top of the electron beam.
9.1 dV Na~SO? 2l"5'63The pulse duration of the sponta-

neous radiation is equal to that
........... ...... ... of the electron bunch and the dur-

ation of the lased beam pulse is

considerably less. This is quite

........... . .. ... natural since the gain is proporti-
kLI ctron bunlcn onal to the instantaneous value of

LI.'24 *~ . .the electron current and, consequ-
ently, is maximum in the centre of

Fig. 4. The time microstructure of the bunch. The lasing micropulses
the electron and the lased
bunchps have a duration time of about 200

ps. According to this, the lased
Fig. 4 shows the time struc- peak power is about 25 and 9 kW on

ture of the electron beam (wide 6300 and 2500 A,. respectively, in
peak) and the lased beam (narrow
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G-switch mode. Within the optical

cavity the peak power was 2.5 MW

and 1 MW, consequently.

6. Plans

Preparations for further in-

crease of the lasing power and

shortening of the lasing wavelength

are in progress.
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PD.3 New Features in Weak-Field and Strong-Field FELs

W B. Colson

Department of Physics, Naval Postgraduate School, Monterey, CA 93943

ABSTRACT

Two new features of FELs are described: (1) an FEL using a long undulator with short periods
(small K) can have classical gain above threshold, but may not start because h> 0; (2) in high-
gain, high-power amplifiers, sharp spikes may appear in the normally smooth gain spectrum.

TWO TOPICS: Look at Startup after one pass:
1. h? and FELs With Micro-Undulators
2. Gain Spectrum Spikes in FEL Amplifiers e transitions/electron into the coherent mode

-...-.-.....-.-.-----.--....-----.------ - - -= 2 = 10 6 where a = e 2//?c
* coherence volume is N22 A.0

1.1 and FELs With Micro-Undulators o total transitions in one pass
ST = pFN2X3?AoWC = 400 photons

" typical FEL oscillator requirements: * photon fluctuations, N 1 = 5%
" classical gain > loss, above threshold > too large for gain bandwidth, 0.1%
* no significant quantum recoil

* undulator assumptions: Startup after many passes:
" o=1mm,N=1000,L=100cm
" gap=0.06cm, B-5000G, 6=1500G dN

" = 140A in a bitilar helical winding • after many passes -- = S7+NG-Q- )
Pux*~ w = 108 W at 1mm wavelength * look for steady-state number of photons

* ifG=0=>NY=SQ=4x10 4 photons
=> weak undulator K = 0.01 * photon fluctuations, NV1 = 0.5%

.......................- => still too large for gain bandwidth, 0 1% !!
e photon fluctuations <,.> bad undulator

Compact Visible FEL for the Future: => FEL has sufficient gain, but won't start

I = 10A, ymc2 = 12MeV (smaller accelerator)
A, = 1mm, N = 1000, L =100cm
gap-6rb, K = 0.01, F= 0.1
X = 8xl0-cm, Wo = 0.03cm, rb = 0.01cm * starting requires N"112 -c W 1

0=100,j=1 -> G=10% => aQpFW2k 2 M/y1
f"-f= 10- 4, cry= 2, E = 10-6cm-rad, a, = 0.5 * define j = 8N(exKL) 2pFy nmc2

rb is matched, Np = 0.4, p = 7x1012 cm- and Xc = tYmc Compton wavelength
-.-.-.-------------------. U> jQ.A)L 3 (4x)2N;

* assume FEL is just above threshold
Design Issues: >> New FEL Startup Criteria <<

" gain -K 2 and Kc B4 yX 4xN I
as A -- 0, K & G decrease e

" B is limited by B, ,m, Ic, or P,, recall the quantum recoil requirement
-> N = 1000 makes gain above threshold "
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2. Second Topic: Gain Spectrum Spikes FEL Power Growth Along Undulator

" consider gain spectrum in j = 3000 ao = 10
high-gain, high-power FEL amplifiers

" nominal gain spectrum usually starts
with results from a perfect beam lower gain peak

at vo = 13
" a new feature on FELs similar to ELF,

but with higher beam quality
---------------------.......

0..FEL Gain Spectrum Shapes 1 1

G(vo) <=> G(k) <=> G(y) <=> G(-B) gain valley / 3x103

Recall usual gain spectrum shapes: at Vo = 18

lm Cato Bpearm .2

i 0 . 0

-16 vo  i

I' ft g ield peatz, . 03g

at vo = 20

-16 16 i

fitb Gain 2Xea

0 1

-30 
o 0

300

past gain spike P/po-1 310 3

=> all these examples are at vo = 21
smooth curves of differing shape

........................

High-Gain and High-Power FEL Amplifier 00.0
m it 1

Conclusions
-'30 vo  30

* existence of gain spikes essential for
* observe spike on smooth gain spectrum FEL optimization and understanding
• spike is "washed out" by poor beam quality • gain spikes may be present on ELF II
* ELF parameters with x5 better brightness with better beam quality
* more spikes appear with higher power 9 spikes explain inconsistent gain behavior
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Operation of the MfT/SRL 1.2 MeV All-Solid-Statet

PD.7 Induct ion Linac

D. Goodman, D. Birx, D. Clarke, R. Klinkmwutein, R. Shelfer
Science Research Laboratory

Somerville, Massachusetts

and

W. Menninger, B. Danly, R. Temkin
Plasma Rusion Center

Massachusetts Institute of Technology
Cambridge, Massachusetts 021,9

A compact, all-solid-state, 1.2 MeV linear induction accelerator designed and built
by Science Research Laboratory has been installed and is in operation at the MIT Pltasmna
Fusion Center. The linac is designed with a 4 cell, 600 hmV injector fiolowed by a 4
cell (+600 keV) anode block. The pulse power is provided by a SNOMAD 11 accelerator
driver, which delivers 150J/pulse at up to 5 kits pulse repetition rate. The SNOMAD If
accelerator driver features all-solid-state magnet pulse compression technology to produce
the 150 kV drive pulses from 600 VDC input. Experiments planned for this accelerator
during the coming year include an x-band relativistic klystron and a 17 GHs CARM
amplifier. Preliminary design parameters for the relativistic klystroa and CARM will be
presented.

MIT/SRL Induction Linac Facility Induction Linac Parameters
An induction linear accelerator now in operation at MIT will
be used to drive high povver electron beam devices including S O A -lIjco
a relativistic klystrvn and a cyclotron autoresonance maser. SO A -1Ijco
The new linac, designed -A btult by Science Research Lahs -Energy per pulse 1S0 J
of Somerville, MIA., and installed in the MIT Plasma Fusion Pulse Duration 50 as
Center. features a c,,mpleteiv solid state pulse generator as an Injection Voltage 150 kV
efficient reliable pulsed powver source. The SNOMAD-lI injec- Electicipaltffcenc 90 k
tor uses SCR-commutated nonlinear magnetic pulse compres-' lcrclEfcec 0
sion to produce 150 Joule. 50 ns duration pulses at a voltage
of 150 kV. The pulses are directed to four induction accelera-
!) -ells which are plated in series to produce 600 kV on the Accelerator Parameters
S-t hode stalk, The relativ istic k1l'vstrn. which requires beam Cathode V'oltage 4 K 150 WV 600 kV

parameters of apptroxumatelv 50t) A at 501 kV, will be attached Beam Current 500 A
directi 'v to the injector. F iir additional accelerator cells will Beam Voltage 1.2 %Ie%
be added to produtce the 5ioo A . 1 '2 \IeV beim requoired for Cathode Diameter 3.5 in
the CAR.%[ amplifier The relativistic klvstrii and CARM are Acceleration Pipe Diameter 3.75 in
expected to be operational within a year, Initial data showing
the operation of the Linar, and design studies for the klystron
and CARM are shown in this poster

Linac Voltage Waveform Parameters Achieved (August 1989)
TO51?SPulse Duration 50 ns

' TqBeam Voltage 500 kV
LF r Beam Current 2 kA

The cathodle stalk soltaste is mraiired hy a calihratedl capacitiv

314



Relativistic KlYstron t CARM Amplifier Program

Future linear colliders will require high frequency rf sources

together with high gradient accelerating structures in order to
Akn X hand Relativistic lKlvtr'r wvill hi'ailed t. the Inlip i- n be economically feasible. The cyclotron autoresoniance maser
Linti in tht "pring A liii' 'tntahle tub.' will all' w experininN (CARNI) is a promising source for application as an rf accel-
wvith h 'th travelling as.' an(] standing wave isingle caitv erator driver. This prograrit will investigate and evalijate the

ittpit is l% vstrn design is ig a %arie iv ,f cont Pu er r'hsis
ti rgat 1-th SRL awld at Hairnsti Research Crlp.. Pal. CARMI amplifier as an efficient source of high peak power mi-

\It, . CAk N, 'uinal klstr. qi parn. 'ters are sh' in h4l -w antd crowaves capable of fulfilling this future requirement.
,%viuti ''nipiter resiults at-. '1 11si itt the f II -wing pages Experiments at a frequency of 17 GHz will be performed

usingz two different technologzies for generation of the hig~h 3'Olt-

age electron beam required bv the CARM. A long pulse 1l

Klysto Prameers Las). 700 k~v pulse modulator and a short pulse (50 ns), 1.2
Klysrong PraetIlers 11C7%eV induction accelerator will be emploed for generation of

I iiluit Puwor iloW the electron beam. This will allow a comparison of two al-
Benti %' Itage o kV ternate methods for producing the high peak power, "-50 ns
D-ant (Current Ikmicrowave pulses required by the high gradient structures. A
Beats Radltis 111t711 lung pulse modulator -driven CARM together with pulse comn-
Be.aiti Pipe Ralitis lii '1tii pression techniques, or an induction linac driven CARM are
Nla. neiic Fieldi G kG both capable in principle of delivering the required rf pulses

to the structure. In both experiments, the details of CARNI
LIA-Driven TE13 Mode CARM Amplifier Deuign amplifier operation will be investigated, including linear and

-Parameter Design Value nonlinear gain, stability, efficienc. and phase sensitivity.
Beam Energy 1.2 MeV
Beam Current 500 A tFunded by DoE, Basic Energy Sciences Divisio'n.
Pulse Length 50 ns

a 0.6
Frecluency 17.136 Gl-z t!uofk0T D j~~t' K

Mode TE13
Guide Radius 5 Cm

3ph 1.137
pln 10 kW

77, untapered 33.6%
?7, -0.5%/cm taper 46.4%

Ztape 0.45 m
Zsat 0.96 m
P~at 278 MW
80 4.94 kG

Detuning (ao) 0.4_
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